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Water resources in Nepal are vulnerable to over-consumption and degradation. Agricultural 
intensification has led to high applications of fertiliser and pesticides, that degrades local water quality 
through elevated concentrations of nutrients, while population pressures have increased water demand 
leading to river-bed drying and exacerbated sanitation and hygiene issues. These issues are explored 
through a case study analysis of the Jhikhu Khola catchment in the Middle Hills region of Nepal, which 
exemplifies the intersection of intensified agriculture, population, and migration. To meet increasing 
demands, groundwater wells in the region have been developed haphazardly.  The conjunctive (surface 
water/groundwater or rural/urban) and unregulated use observed in the Jhikhu Khola highlights the lack 
of effective water management. Water resources are often approached from a narrow perspective that 
limits the connection between technical data and the everyday issues that water users face. The societal-
hydrological nexus within the Jhikhu Khola catchment illustrates the disparities between rural and urban 
areas and the contamination issues they face. In this setting there are clear asymmetries between the 
degradation of upstream and downstream water resources. To conceptually frame these management 
deficiencies, a common pool resource lens was utilised, as water is central to many people lives but 
there is a continued lack of formal water rules. To effectively integrate the complex issues that water 
users face, a mixed methodology was employed. Water quality was quantified by measuring the heavy 
metals, suspended sediments, nitrogen concentrations, as well as pathogenic indicators: E. coli and total 
coliforms. Additionally, semi-structured interviews and key informant interviews were conducted with 
water users and experts, respectively. The key findings of the study indicate that every site was 
contaminated with total coliforms and E. coli. Lower riparian and Hill region water users face acute 
water scarcity because of upstream appropriation and a lack of groundwater infrastructure. The 
development of groundwater sources has reduced the value of surface water, leading to degradation. 
Finally, the significant variations in the use of water and the lack of social capital between water users 
presents a considerable barrier to cooperative water management. For sustainable and equitable access 
to water resources, there needs to be effective water management practices developed to prevent further 
water degradation in the Middle Hills region as water use changes in response to population pressures 
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Access to natural resources is a critical part of Nepal’s agricultural system, with many people relying 
on community managed systems to secure their livelihoods. As a part of this, water in Nepal has 
multiple uses with a variety of economic, social and cultural roles, such as irrigation, sanitation, 
cremation and waste disposal. Consequently, the multiple uses of water exert considerable stress on the 
resource, and potentially result in conflicting use and degraded quality (Raut et al., 2010). In particular, 
water quality is an understudied aspect in Nepal, and an area of research that offers useful insights into 
the effects of changing agricultural practices, population growth and urban expansion.  
Water quality issues are particularly visible in agricultural catchments where there has been 
considerable change through the adoption of cash crop production, increasing market access and the 
introduction of new technologies. These shifts in practices have increased the demand for the utilisation 
of shared resources and has also led to groundwater development in some circumstances. This 
development has been particularly significant because many parts of the country continue to depend 
upon rain-fed agriculture, which has a high degree of seasonality associated with it. The changes in 
governmental structures within Nepal over the past fifty years has limited the effectiveness of 
environmental policies, leaving many water bodies unmanaged (Whelpton, 2005). Nepal’s reliance on 
agriculture and its vulnerability to changing climatic conditions indicates that sustainable water 
management is a matter that requires a paradigm shift looking towards the future (Aase and Chapagain, 
2005; Foley et al., 2005; Raut et al., 2010). 
An important aspect of Nepal’s development processes is that it has been spatially and socially uneven. 
The Middle Hills region of Nepal has progressively experienced agricultural intensification as the 
productive Terai region has faced population and resource pressures (Ghimire, 1992). In the Middle 
Hills region agricultural production is a mix of subsistence-based and cash crop production. The modes 
of agriculture are geographically defined relative to market access, water resource accessibility, 
topography and labour availability. Subsistence based agriculture is practiced on terraced, sloping land 
and relies on rainfall as its principle water source. The main crops that are grown are grains such as 
maize and rice that are usually consumed by the landowner rather than sold at market because of the 
low profitability.  
In contrast to these patterns of subsistence agriculture, cash crop production is typically limited to flat 
land with access to irrigation. Farmers grow three to four crop cycles per year and often have no fallow 
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period between harvesting and planting crops (Dahal et al., 2009; Raut et al., 2010; Khadka, 2017). As 
many of the crops grown are high yielding varieties, farmers apply large applications of fertiliser to 
increase crop growth. To secure their crops from disease they also use chemical pesticides. Cash crops 
are often sold at market, which has become more prevalent with the development of transport 
infrastructure and the demand from a growing population. 
To understand the impacts of all of these interrelated processes in a focused and integrated manner, the 
thesis assesses water issues in a peri-urban catchment in the Mid Hills region of Nepal.  The study site, 
the Jhikhu Khola, exemplifies these controls on the mode of agricultural production. Land owners on 
the flat, alluvial valley practice high intensity agriculture because of readily available water resources 
and its close proximity to Kathmandu. As a result, the Jhikhu Khola has become one of the most 
intensive agricultural catchments in Nepal, which has led to the expansion of urban areas as people 
move there for employment (Merz et al., 2003). The concomitant expansion of urban areas and the 
intensification of agriculture has put water resources under severe pressure, most notably in the dry 
season and in regards to water quality. The distribution of water resources has created inequalities in 
who experiences the effects of environmental degradation (Figure 1.1). The Jhikhu Khola catchment 
has been extensively studied in the past, but not during the past 13 years, which presents an opportunity 
to study how water quality and agricultural practices have developed since 2006. 
 
Figure 1.1: Regions of the Jhikhu Khola catchment and the water issues they face. Map adapted from 
Google Earth (2019). 
The Jhikhu Khola catchment is a nexus for physical and social processes. It is, therefore, important to 
view these issues through an interdisciplinary perspective to be able to conceptualise how they affect 
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water users within the catchment and in a wider context (Figure 1.2). The thesis draws from a mixed 
methodology approach that encompasses scientific measures of water quality and social scientific 
approaches to understand the perceptions of relevant water stakeholders. The catchment is unique 
compared to other Middle Hill catchments because of its flat valley floor and market linkages to 
Kathmandu (Merz et al., 2003). However, it can still act as an indicator of the problems that other 
catchments may face in the future as an increasing food demand from a growing population and 
improved infrastructure incentivise cash crop production. Many of the issues associated with 
agricultural intensification can be seen through understanding the changing utilisation of water 
resources and the changing perceptions of local people. 
 
Figure 1.2: The multiscale, interconnected and interdisciplinary drivers of water resource depletion 
and contamination within the Jhikhu Khola catchment. 
What emerges clearly from this thesis research is that the lack of effective water management in the 
catchment and the complex interactions between water users has created a situation where there is 
unrestricted extraction of surface water and contamination from surrounding land uses. In terms of 
processes, the main driver of these practices is the central role that water plays in agricultural 
intensification, expanding urban areas and changing sanitation and hygiene practices. However, they 
also stem from interactions between water users, such as a lack of coordination between upper and 
lower parts of the catchment and the apparent power disparities between water users in these areas. As 
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all water users have a connection to the Jhikhu Khola, the suitability of viewing water as a common 
pool resource is examined in this context and analysed as a basis for management. 
The thesis is comprised of five key chapters: Chapter 1 outlines the main themes of the research as well 
as the location and how it is important in the context of the study. Chapter 2 identifies the specific areas 
of research and provides context from previous research on how these topics can be applied to the 
Jhikhu Khola catchment. It identifies the drivers of agricultural shifts and their impacts on water 
resources. Due to the interlinked nature of human activities and the hydrological cycle in this context, 
several ways of perceiving this relationship are analysed. The unequal access to water resources that 
stem from physical, social and economic sources has created inequality among water users and the 
current lack of management exacerbates these issues. The theoretical effectiveness of common property 
regimes is analysed and related to this setting based on the characteristics of the physical resources and 
the people within the catchment. 
Chapter 3 develops the methodology of the research from the theoretical basis developed in Chapter 2. 
To understand the diverse range of factors that influence water resources, an interdisciplinary approach 
to research was utilised. A wide range of water quality variables were measured at surface water and 
groundwater sites as well as semi-structured interviews within the catchment. Experts in agriculture and 
water resources were interviewed outside the catchment to understand the broader context of the 
processes occurring in the Jhikhu Khola. 
The results of water quality measurements and interviews with water users are presented in Chapter 4. 
The quantitative and qualitative results were grouped together based on the unique locational 
differences in the catchment. These areas each face distinct issues relating to access to water and water 
quality that have physical, social and economic drivers. The values of water users and the features of 
the catchment that are barriers to management are also presented. 
The main points of the discussion are developed in Chapter 5. The implications of the water quality and 
water resource availability results are examined and compared to previous studies within the Jhikhu 
Khola catchment. The interdisciplinary approach of the research adds further value to physical 
observations, which is particularly relevant to implementing management strategies. Potential 
directions for future research are identified. Chapter 6 provides a synthesis of the previous chapters and 
summarises the findings. Conclusions are provided on the state of water resources. The appendix 






1.1 Aims and Objectives 
The Jhikhu Khola is one of the most intensive agricultural catchments in the Middle Hills region of 
Nepal. A key input to intensified agricultural practices is water. Together, with expanding urban areas 
and population pressures water has become the crux of development in the area. However, there is a 
lack of management and coordination between water users that has had a detrimental effect on water 
resources in the catchment. 
Through a mixed methodology that integrates quantitative water sampling and qualitative interviews 
the study seeks to understand the characteristics of water in the catchment with a focus on water quality. 
The issues that people face and how to manage them in this setting are also of interest. To answer these 
areas of inquiry the following research questions were developed: 
  
• What is the current state of water resources in the Jhikhu Khola catchment (with a focus on 
water quality)? How are these characteristics linked to social processes? 
 
What are the factors that cause water scarcity? 
 









2 The Importance of Interdisciplinary Research in 
Understanding the Degradation of Water 
Resources in the Jhikhu Khola Catchment 
 
2.1 Introduction 
The economic security of Nepal is closely bound to its natural resources; arable land, water, forested 
areas and protected areas. Through the introduction of new technologies and cropping systems in the 
Green Revolution and subsequent intensification, the agricultural output of Nepal increased 
significantly (Dahal et al., 2009; Raut et al., 2010; Conway and Barbier, 2013). Today, agriculture is 
the country’s main occupation and is subsidised by the Government of Nepal as a method of poverty 
alleviation (Brown and Kennedy, 2005; Pokhrel and Pant, 2009). 
In the Middle Hills, where there are market connections to urban centres and flat land, intensive 
agricultural practices are common. Intensive agriculture involves three or four crop cycles per year, 
high applications of chemical fertiliser and pesticides as well as the consumptive extraction of water 
resources (Brown and Shrestha, 2000; Raut et al., 2010). The intensification of agriculture in Nepal has 
a multifaceted impact on the relationship between society and water resources, which exacerbates 
existing challenges to resource management and effective policy implementation. The societal-
hydrological nexus can be seen in the Jhikhu Khola as the disparities between rural/urban areas and the 
adopters of agricultural intensification as opposed to subsistence-based agriculture. 
A conceptual way of linking the intensification of agriculture, disparities and water resources is through 
common pool resources. A common pool resource is defined by the lack of property rights, its limited 
quantity and the difficulty in excluding people from utilisation (Ostrom, 1990). It is suitable to analyse 
the Jhikhu Khola through a common pool resources lens because water resources are a fundamental 
part of agriculture and urban use as well as the noticeable impact extraction has on other resource users 
(Schlager, 2004). Water quality can be examined through the same lens as the issues of appropriation 
and subtractability are both applicable. Furthermore, the interlinked, dual use of surface water and 
groundwater supplies has created a complicated system where informal management schemes are 
lagging behind the rapid changes in the environment. 
 An understanding of the physical characteristics of water resources, how institutions interact and social 
norms or laws are identified as areas that are essential for the development of sustainable common 
property regimes (Schlager and Ostrom, 1992; Schlager et al., 1994; Bruns and Meinzen-Dick, 2001). 
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The theoretical development of these regimes through design principles and the supposed dichotomy of 
principles and diagnostic approaches are explored in this chapter. Forestry is analysed as a case study 
of common pool resources in Nepal’s setting to understand how successful management and issues have 
occurred. 
2.1.1 The need to integrate quantitative and qualitative data when examining water 
resources 
The current water resource management paradigm that has a narrow focus on delivering water as an 
economic good is insufficient for sustainable management (Falkenmark, 1997; Molle et al., 2009; 
Mollinga, 2008). Rapid changes in society that are driving shifts in water demands are poorly 
incorporated into government policies and research (Suhardiman et al., 2005; Cook et al., 2010; 
Shrestha et al., 2018). The move towards an interdisciplinary way of thinking faces a number of 
structural barriers as current knowledge generation typically works within boundaries that have limited 
scope (Suhardiman et al., 2005). Within South Asia, water resource development is closely linked to 
assertions of state power and control (Molle et al., 2009). These projects are dominated by engineers 
that are focussed on infrastructural design rather than their broader effect on society (Molle et al., 2009; 
Linton, 2010). It is also important to consider power relations within governments as collaboration 
between ministries may be seen as divulging power, which further reduces integrated approaches 
(Suhardiman et al., 2005; Molle et al., 2009). 
The Kathmandu Basin that is adjacent to the Jhikhu Khola catchment faces issues of groundwater over 
extraction and contamination, particularly in expanding peri-urban regions (Pandey et al., 2012; 
Shrestha et al., 2016). Groundwater utilisation in this rapidly changing environment often occurs in a 
chaotic and unregulated manner by informal water users (Shah, 2009). Typically, in peri-urban settings 
the shift to new institutional arrangements from pre-existing local management leads to degradation 
from unrecognised, context specific nuances (Narain and Prakash, 2016). These issues are linked to the 
lack of integration between scientific and socioeconomic factors in policy formulation. The study by 
Shrestha et al. (2018) found that these issues are apparent in the Kathmandu Basin as the permit required 
to build deep aquifer bores was often unenforced. Additionally, formal authorities often experienced 
pressure to make more groundwater sources available as the population increases from in-migration. 
Both of these factors reduce the institutional capacity to manage groundwater.  
It has been identified that the current approach to water resources has a narrow focus and is an 
inadequate basis for designing management. To achieve an integrated view of water resources and 
society a wide variety of disciplines are needed. The following section identifies theoretical frameworks 





2.2 Theoretical Approaches to Integrating Water Resources and Society 
In the sphere of hydrological research, the interplay between the environment and society has been 
approached in distinct ways. The development of socio-hydrology, hydrosocial research and Integrated 
Water Resource Management (IWRM) all seek to study complex human and water interactions (Lautze 
et al., 2011; Sivapalan et al., 2012; Linton and Budds, 2014; Giordano and Shah, 2014; Benson et al., 
2015; Di Baldasserre et al., 2015). The way they do this through differing research paradigms and 
emphasis creates strengths and weaknesses in their conclusions (Wesselink et al., 2017). 
This section evaluates their strengths and weaknesses and how these can be applied to the Jhikhu Khola 
catchment. The two views of socio-hydrology and hydrosocial research both link society and water 
resources. Both recognise that a fundamental barrier to interdisciplinary research is that different 
sciences base their understanding of phenomenon on fundamentally different knowledge paradigms that 
are difficult to align. As these are the tools of knowledge generation that feed into water management 
design, they have fundamental implications for its creation (Sivapalan et al., 2012; Linton and Budds, 
2014; Wesselink et al., 2017). 
Socio-hydrology integrates humans and their actions into the hydrological cycle to understand the 
dynamic co-evolution of human-water systems (Sivapalan et al., 2012; Elshafei et al., 2014; Di 
Baldasserre et al., 2015; Wesselink et al., 2017). It suggests that people are an endogenous part of the 
hydrological cycle with an aim of understanding and predicting the future direction of human-water 
systems (Sivapalan et al., 2012; Elshafei et al., 2014). An important part of this way of thinking is 
recognising tipping points in systems that may lead to new systems states when crossed (Sivapalan et 
al., 2012; Di Baldasserre et al., 2015). The rejection that human-water systems fluctuate within a set 
range (stationarity) is also a key part of socio-hydrology’s ability to understand future directions (Milly 
et al., 2008; Wesselink et al., 2017).  
The scale of processes is recognised as another fundamental part of human-water systems in socio-
hydrology; for example, water abstraction upstream will impact people living downstream as will 
upstream water pollution (Sivapalan et al., 2012; Baldassarre et al., 2013). The upstream-downstream 
dynamic can occur at a number of scales depending on the size of the catchment but there are typically 
direct relationships between causes and effect (Sivapalan et al., 2012). However, at a global scale the 
connections and feedbacks can be less obvious (Wesselink et al., 2017). The indeterminable 
consequences of climate change and its impact on the hydrological cycle at a local scale is an apparent 
example (Sivapalan et al., 2014). As per its name, the social element of socio-hydrology is also 
important. The effect of policies, markets and technology on the hydrological cycle are again analysed 




The socio-hydrology approach has weaknesses that are linked to the how social process are modelled 
and given numerical values in conjunction with physical measurements (Wesselink et al., 2017). It is 
therefore difficult to have a high confidence in the quantitative values placed on qualitative variables 
because of the complexity of the issues and a lack of data availability (Vogel et al., 2015). Not being 
able to accurately quantify changes in the future has implications for how it is effectively used in policy 
and management (Troy et al., 2015). Ostensibly, the accuracy of the physical measurements is rendered 
less precise by including quantified social measurements; however, the accepted view of the 
hydrological cycle that focuses on water availability for human use does not effectively integrate a 
temporal view of water scarcity (Linton and Budds, 2014). This prevailing model has contributed to a 
problem where water is expected to be available year-round; a problem that is often solved through a 
technological intervention, rather than management (Swyngedouw, 2009). 
Hydrosocial research again identifies the relationship between humans and the hydrological cycle as a 
key concept (Swyngedouw et al., 2009; Linton and Budds, 2014). However, the focus of the social 
aspects in hydrosocial research differs from socio-hydrology in that it examines the social power 
relations that result from the distribution of water resources (Wesselink et al., 2017). The integral 
aspects in this sphere of research are; decision making processes, the impact that these have on the 
hydrosocial systems and how policy can have strong links to social inequality as well as resource access 
inequality (Linton and Budds, 2014). Other topics explored are the different social and cultural values 
of water and how these influence options for water management (Wesselink et al., 2017). 
Hydrosocial research posits that the terms society and nature cannot be rationally separated or 
distinguished (Linton and Budds, 2014). Therefore; the components of water and social processes 
cannot be broken down into categories, as shown literally by the removal of the hyphen in the term 
hydrosocial. They are instead inextricably related with the goal of shifting discourse away from the 
relationship between two topics to what constitutes this hybrid term (Linton and Budds, 2014; 
Wesselink et al., 2017). A weakness of the hydrosocial field is that researchers focus on supporting 
transformations by water users and water managers, but typically do not offer potential solutions to the 
problems. The lack of presented solutions perhaps stems from the lack of focus on incorporating 
physical measurements and variables in their research that are rightly or wrongly, more readily accepted 
in policy (Wesselink et al., 2017). They are also hindered by the theoretical framing of their research in 
Actor Network Theory and Marxist jargon that is often a barrier to non-academics understanding the 
relevance (Wesselink et al., 2017). Despite their differences, socio-hydrology and hydrosocial research 
underline the importance of reflexivity when conceptualising water and societal systems. 
Integrated Water Resource Management (IWRM) differs from socio-hydrology and hydrosocial 
research paradigms because rather than focus on the ways of understanding knowledge, it applies 
knowledge to policy development. IWRM is a broad framework for decision makers to collaboratively 
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work with water users to decide the goals of water management (Lautze et al., 2011; Giordano and 
Shah, 2014; Benson et al., 2015). 
The IWRM framework is based off four key principles that were developed at the 1992 Dublin 
Conference on Water and the Rio de Janeiro Summit on Sustainable Development (Rahaman and Varis, 
2005; Savenije and Van der Zaag, 2008). The first principle defines fresh water as a finite and vulnerable 
resource that is essential for life, development and the environment. Second; that water management 
and development should be a participatory approach, involving users, planners and policy makers at all 
levels. Thirdly; women play a central part in the provision, management and safeguarding of water. The 
final principle is that water has an economic value in all its competing uses and should be recognised 
as an economic good (Snellen and Schrevel et al., 2004). 
The implementation of IWRM as described by Shah and Van Koppen (2006) involves the development 
of national water policies; water laws and regulatory framework, planning and management at a river 
basin level, water resource and service pricing mechanisms. However, IWRM does not have a 
prescriptive description of how water should be managed (Lautze et al., 2011; Giordano and Shah, 
2014). Therefore, the design and consistency of IWRM can vary considerably between countries 
(Butterworth et al., 2010). In some cases, policies imbued with IWRM principles has essentially become 
an end in itself, without the impetus for significant change behind them (Giordano and Shah, 2014). 
Both hydrosocial and socio-hydrology paradigms provide a basis for the development of water 
management because they attempt to explain the relationships between water and society (Wesselink et 
al., 2017). Similarly, the participation of water users and the recognition that water is a vulnerable 
resource from the principles of IWRM are also important. However, a typical IWRM implementation 
pathway that involves property rights reform, water pricing and the development of catchment agencies 
in the context of changing government structures and a lack of funding is unlikely to be beneficial in 
Nepal. Suhardiman et al. (2005), in a review of IWRM in Nepal found that the normative approach of 
incorporating IWRM principles into national policy documents faced structural challenges. Governance 
and institutional sectors were unwilling to share decision making authority, leading to a scenario where 
existing power relations between agencies hindered decision making. The way that IWRM principles 
are predominantly implemented through donor funded projects in Nepal highlights the institutional 
barriers to IWRM implementation. 
Suhardiman et al. (2005) summarises the sectoral decision-making process in Nepal that typically 
excludes IWRM principles, stating that: 
‘Amidst the lack of scientific evidence to back up the different claims, and the clear lack of 
interest from the most powerful public agencies in applying IWRM, sectoral decision-making 
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processes prevail. In general, officials from powerful sectoral ministries (like MoE1 and MoI2) 
agreed that there is no need to consult other sectoral ministries or WECS3 for their development 
plans as long as there is sufficient water for the proposed activities and that the proposed 
activities would not affect other types of water use (e.g. agriculture, hydropower and drinking 
water supply).’ (p. 291) 
The limited information on environmental and social processes, combined with the aforementioned 
structural issues, indicates that IWRM has limited applicability in the Jhikhu Khola. In this setting the 
devolution of management to the local level through common pool resource management seems 
appropriate. Water availability is a key limitation to cropping intensification but the resource is not 
distributed uniformly, leading to disparities within the catchment. Most notably, the inequalities in 
income are evident between upstream and downstream regions. To develop water resource management 
in the Jhikhu Khola catchment, an overview of the drivers of water use, the patterns of inequality and 
methods of poverty alleviation must first be explained.  
2.3 The Green Revolution, Agricultural Intensification and Poverty 
Alleviation 
The Green Revolution has been the driver of change in agricultural systems across the world, which in 
turn has altered human and environmental interactions. The Green Revolution refers to the shift in 
agricultural practices that began in the 1950s and 1960s through research and development into high 
yielding crop varieties (HYV) (Khush, 1999; Tilman et al., 2002; Halzell, 2009; Conway and Barbier, 
2013). The HYV were developed in response to the increasing food demand of a growing global 
population (Khush, 1999; Pingali, 2012). Crop yields were multiplied by selecting for their increased 
response to nitrogen fertilisers, which decreased the agricultural land expansion needed to meet food 
demands by up to two thirds (Tilman et al., 2002; Halzell, 2009). The continued process of agricultural 
evolution that stems from the Green Revolution has resulted in agricultural intensification and cash crop 
production being practiced in Nepal (Chapagain, 2006). 
As a consequence of the large-scale shift in the agricultural system, environmental degradation has 
occurred that has led to flow on effects in the environment and society. The increased crop cycle 
intensity has led to the degradation of soils as there is generally no fallow period and organic material 
inputs are substituted for chemical fertilisers (Tilman et al., 2002; Halzell, 2009). Second, the high 
inputs of fertilisers and pesticides to increase crop yields have entered bodies of water through runoff. 
Fertilisers have caused eutrophication and pesticides that are often toxic to organisms have reduced 
biodiversity (Tilman, 1998). Finally; as many of the crop systems are monocultures of introduced seed 
 
1 Ministry of Energy 
2 Ministry of Irrigation 
3 Water and Energy Commission Secretariat 
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varieties, the resilience of crops to pests and climatic changes has been reduced (Evenson and Gollin, 
2003). 
The agricultural shift to higher outputs has created a situation where it is difficult for farmers to change 
their practices as they are effectively economically ‘locked in’ to current practices (Conway and 
Barbier, 2013). While the short-term benefits of high pesticides, fertiliser and water use are seen in 
increased incomes from greater crop yields, the long-term sustainability of these inputs is questionable 
(Brown and Kennedy, 2005; Atreya, 2008; Conway and Barbier, 2013). In particular, farmers who are 
small land owners struggle with the increased cost of inputs (Pinstrup‐Andersen and Hazell, 1985). 
Even though farmers see and experience the adverse effects of these inputs they face a significantly 
reduced income if they change their agricultural practices (Wilson and Tisdell, 2001; Brown and 
Kennedy, 2005). The traditional knowledge of farmers has often been lost as customary farming 
practices are no longer utilised, further reinforcing the difficulty of change (Altieri, 2004). The social 
connections between farmers have also deteriorated as past labour-intensive work that required 
cooperation with community members has been replaced with mechanised solutions (Ostrom et al., 
1994). The lack of social connections makes it challenging to generate community management 
agreements and reduces community resilience (Tompkins and Adger, 2004).  
The intersection of social, cultural and environmental changes that the Green Revolution brought with 
it in Asia fundamentally changed many aspects in the local agricultural economy (Adger, 2000; 
Rockström et al., 2007). These broad changes have altered the uptake of technologies, the labour 
economy and the management of land (Feder and O'Mara, 1981; Pingali, 2012; Conway and Barbie, 
2013). Many countries in the Global South have adopted agricultural intensification as a method of 
poverty alleviation through subsidies for agricultural inputs, the development of irrigation systems and 
the building of infrastructure to make markets more accessible (Hussain and Hanjra, 2004; Brown and 
Kennedy, 2005; Godfray, 2010). 
The topography and inaccessibility of many rural areas in Nepal has limited the uptake of agricultural 
intensification and new technologies to the Terai region and pockets of Middle Hills (Brown and 
Kennedy, 2005). As a result, the majority of farmers are still engaged in subsistence-based agriculture 
that does not produce high yields or high value products (Chapagain, 2006). In the Middle Hills, steep 
slopes limit the uptake of mechanisation, water inputs and the access to markets (Aase and Chapagain, 
2005). Nevertheless, households have continued to grow subsistence crops because there is a lack of 
alternative occupations (Brown and Kennedy, 2005). Therefore, the crops and practices of the Green 
Revolution and subsequently intensification have not been universally adopted but are instead found at 
favourable sites, such as the Jhikhu Khola catchment. 
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With 70 to 80 percent of Nepal’s population involved in agricultural production, the Government of 
Nepal has supported agriculture as a means of poverty alleviation directly and indirectly through a 
variety of initiatives (Bista et al., 2016; Bhandari et al., 2017). One of the initiatives for poverty 
alleviation is seen in Nepal’s Agricultural Perspective Plan (APP) policy that was developed in 1997 
(Nepal and Thapa, 2009). It aims to increase farmer’s income in rural areas through the transformation 
of subsistence-based agriculture into commercial agriculture through crop diversification (Nepal and 
Thapa, 2009; Bista et al., 2016; Bhandari et al., 2017).  
To make this change the APP identifies the agricultural inputs of irrigation, fertilisers, electricity, 
technology and rural roads as key aspects to develop. To reduce the cost of fertilisers and seeds to small 
scale farmers, Nepal’s Ministry of Agriculture subsidises a percentage of the cost (Bista et al., 2016). 
From 2009 to 2016 the subsidy percentage was 40–60 percent of the cost of chemical fertilisers and 25–
40 percent of the cost of cereal seeds (Bista et al., 2016). Reviews of the plan identify that the 
productivity and production of agricultural goods have noticeably increased since its implementation 
as well as the expansion of roads and irrigation schemes (Nepal and Thapa, 2009; Bhandari et al., 2017). 
2.3.1 Access to water and its link to poverty 
Water is a key component in productive and consumptive activities and through this contributes to rural 
and urban livelihoods in a variety of ways (Xu et al., 2009; De Fraiture et al., 2010; Namara et al., 
2010; Bossio et al., 2010). The lack of a reliable source of water has a direct link to issues of social 
isolation, the deprivation of political and social rights, poor health and vulnerability to natural hazards 
(Namara et al., 2010; Schwarzenbach et al., 2010). Many people do not have an adequate supply of 
water for both productive and consumptive uses because water is scarce during the dry season or year-
round (Molden et al., 2007). In many cases, water scarcity is caused by the lack of infrastructure to 
facilitate water accessibility, with the high initial cost of accessing groundwater through well 
construction a relevant example (Shah et al., 2000). 
Water plays a key role in agricultural production (especially after the Green Revolution) and many 
governments acknowledge this by building state irrigation systems. Agricultural irrigation can improve 
crop output, labour demand, food affordability and seasonal variations in income (De Fraiture et al., 
2010). However; the benefits of irrigation systems are often consolidated amongst a limited number of 
people, further exacerbating inequality, rather than improving it (Molden et al., 2007; Namara et al., 
2010). Many poor people live in large scale irrigated systems; for example, in India and Pakistan, which 
is largely due to the unequal access to land, water resources and the variations in productivity that are 
most visible in downstream areas (Bhattarai et al., 2001; Hussain, 2005; Bhattarai et al., 2007; Hussain 
and Hanjra, 2003). 
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Lower riparian farmers face significant disadvantages in that surface water resources are often depleted 
by upstream utilisation and there is uncertainty about how much water will be left. Essentially, 
downstream water security is a major concern (Namara et al., 2010). A secondary negative effect is that 
low flows have less capability of diluting contaminants, resulting in poor water quality. Moreover, the 
poor water quality further reduces the amount of available water that is suitable for use (Molden and 
Sakthivadivel, 1999). Subsequently, it is likely that upstream water users that already have resources 
and access will benefit more, even if the poor in downstream areas benefit in absolute terms (Namara 
et al., 2010). These issues often stem from poorly conceived objectives in management strategies. There 
is a delicate balance between the equitable distribution of water resources and preserving the 
environment that should be managed to minimise the effects described above (Spiertz, 2000). 
2.3.2 The formation of Desakota regions and their impact on resource management 
The distribution and access to water is a significant part of disparities in agricultural settings but there 
are other influential factors that interact with people’s livelihoods. Market access differs according to 
the farmer’s proximity to roads and infrastructure and controls their ability to take their produce to 
market (Raut et al., 2011). Land also varies spatially in terms of its suitability for intensification. In the 
Middle Hills of Nepal there is a shortage of flat land as most of the land is very steep, prone to erosion 
and has difficulty accessing water resources (Aase and Chapagain, 2005; Chapagain, 2006). As a result, 
subsistence farming is typically practiced on sloping land because it is not suitable for intensive 
agriculture (Chapagain, 2006). The disparity can be viewed through the number of crop rotations as an 
analogue for income; where flat land is found it is common to have three or four crop rotations per year 
while sloping land can only sustain one or two rotations (Dahal et al., 2009; Raut et al., 2010). Farmers 
who own sloping land are at a distinct disadvantage to owners of flat land in terms of income potential 
(Neupane and Thapa, 2001). 
The variable growth of urban and rural areas as a result of the uptake of agricultural intensification 
practices and access to markets or natural resources has led to the development of mixed economy 
regions. In these regions there is a continuum between rural and urban land use (McGee, 2009). These 
areas have been labelled as peri-urban or desakota4 regions (DST, 2008). Desakota regions are linked 
to urban areas through infrastructure, resulting in rural communities having access to global markets 
(McGee, 2009). The term desakota expands on these connections by examining the interlinked systems 
of urban and rural livelihoods, economies, transport and communication (McGee, 1991; DST, 2008; 
McGee, 2009). Desakota regions that border on rural and urban areas are often underrepresented in 
government policies as centralised governments are detached from these rapidly changing 
 
4Desakota translates to village-town from Indonesian  
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environments. The resulting gaps in management and the provision of services typically leads to 
resource degradation in these areas (McGee, 1991; DST, 2008).   
In Nepal, desakota regions such as areas of the Jhikhu Khola, are seen on the periphery of urban centres 
that have market access and face environmental degradation from competing urban and rural resource 
demands (DST, 2008). While there are economic inequalities between resources users in these areas it 
is more appropriate, especially when developing management strategies to view these differences 
holistically rather than as solely economic.  
Heterogeneity is a term that refers to variance in resource users or the resource itself and is prominent 
in management discourse (Schlager and Blomquist, 1998; Varughese and Ostrom, 2001; Bardhan and 
Dayton-Johnson, 2002;). It is important in understanding changing customary rights and uneven power 
relations that are apparent in desakota regions. As a central topic to resource management in the Jhikhu 
Khola, heterogeneity is discussed further in section 2.6. It is clear that the characteristics of these 
emerging changes in land use, societal interactions, agricultural practices and economies in desakota 
regions have fundamentally altered how formal and informal management systems operate (McGee, 
1991; DST, 2008; McGee, 2009). 
2.4 The Development of Common Pool Resource Theory and its 
Implications for Water Management 
The shift of resource management from the centralist state to a local level has been a prominent strategy 
in rural development for giving more control to people over resources that have ecological, social, 
cultural and economic values (Meinzen-Dick and Knox, 1999). The praxis of this theory is often through 
localised commons projects that are underpinned by cooperation between resource users, but has 
common pool resource theory hindered successful outcomes through the preference for designed, 
formal institutions?  
Common pool resources are often defined as a large, natural resource system that have two specific 
characteristics separate from property rights (Ostrom et al., 1994; Katar, 1994). The first is 
excludability, which refers to the difficulty of excluding users from appropriating the resource 
(Agrawal, 2003; Sarker et al., 2008). The second is subtractability; once the benefit is appropriated by 
a user, it is no longer available to other users (Agrawal, 2003; Sarker et al., 2008). Until the 1980s the 
consensus among researchers was that users of common pool resources could not effectively self-
organise. This led to the imposition of state or private ownership models based on the work of Gordon 
(1954), Demsetz (1967) and Hardin (1968). However, the ineffectiveness of applying broad institutional 
arrangements to unique environment and social conditions were raised as serious issues in the late 1980s 
(Cox et al., 2010). The identification of the gap in knowledge between the theory of common pool 
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resources and how successfully they are implemented has spurred a variety of research (Steins and 
Edwards, 1999; Edwards and Steins, 1999; Saunders, 2014). 
The use of natural resources ranges from open access with undefined rules of access and extraction to 
heavily regulated and enforced systems (Ostrom, 1992). The seminal article of Hardin (1968) received 
criticism for failing to clearly define these definitions (Berkes et al., 1989; Bromley, 1991; Ostrom, 
2015). In the article, the resource management regime in which there are no rules to exclude resource 
users was seen as a direct cause of resource over extraction and unsustainability. These issues stem 
from individuals appropriating resources under the preposition that if they do not then their neighbours 
will, which is known as a social dilemma (Ostrom et al., 2002). However, the use of the word 
‘commons’ to describe the situation created considerable discussion and confusion. It has been clarified 
that Hardin’s identification of the failing of the ‘commons’ was instead referring to open access property 
regimes (Ostrom, 2015).  
The important point to take from Hardin’s article is to recognise that there are a number of regimes that 
describe the management of common pool resources. There is also interaction between varying scales 
as local groups have limited resources and states are often poorly placed to solely govern unique local 
circumstances (Agrawal, 2001; Cox et al., 2010; Saunders, 2014). Another important distinction to be 
made is the difference between the easily confused terms: common pool resources and common 
property regimes (Ostrom, 2015). Common pool resources are defined by their physical characteristics 
of the difficulty in exclusion and the subtractability of the resource. Common property regimes describe 
how the resource is managed (Ostrom, 2015). 
Water is an archetypal example of a common pool resource because it exemplifies the problems with 
excludability and subtractability. It is very difficult to exclude users from extracting water from a river, 
lake or groundwater resource (Schlager et al., 1994; Sarker et al., 2008). Then, once water is withdrawn 
it is not available to other users (‘consumptive use’). Since a user's withdrawal of water affects the 
resource use of other users, an externality occurs (Gardner, 1990). Water quality is also a highly valued 
property of water resources that can also be examined through a common pool resource lens (Sarker et 
al., 2008).  
The issues of exclusion and subtractability are also visible in water quality because it is difficult to 
exclude people from appropriating water quality through pollution (Schlager et al., 1994; Sarker et al., 
2008). Point source pollution can be managed through regulation and polluter pays approaches. 
However, diffuse sources of pollution are more difficult to manage and require systems-based 
regulation; such as, control over agricultural practices (Sarker et al., 2008). Subtractability also applies 
as one user can significantly reduce the water quality available to all other users through pollution. 
When this occurs, it reduces the available resource for all water users, while also imposing an externality 
(Sarker et al., 2008). Additionally, water quality has issues associated with provision, as it is difficult 
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to ensure users' contributions of maintenance services or mitigation measures to help preserve the water 
quality (Carson and Mitchell, 1993). 
Despite providing a strong framework for collective management, the concept of water quality as a 
common pool resource has not been widely studied (Sarker et al., 2008). The lack of interdisciplinary 
research on the topic and the difficulty in accurately monitoring water quality over a large scale are 
potential reasons for the low interest in the concept but one factor that stands out is the cost. The example 
that is presented by Sarker et al. (2008) of a mixed water use catchment in Queensland, Australia 
demonstrates the need for complex multilateral partnerships between communities, government and 
industry. The high cost almost necessitates the involvement of central government institutions, which 
moves away from the strong ideology in common property regime design of a devolution to local 
management. 
2.4.1 Surface water and groundwater: Flow and storage capacity in common pool 
resources 
The characteristics and management of common pool resources can differ significantly depending on 
whether the resource is mobile, stationary or has storage capacity (Schlager et al., 1994). The storage 
of resources can be in the form of natural or anthropogenic capacity (Van Steenbergen and Shah, 2003). 
In the case of water resources, rivers are the typical flow resource that are extracted for use on adjacent 
land or used to dispose of waste through point source or disperse source pollution (Schlager et al., 
1994). It is also important to include a temporal aspect in flow resources that explain the fluctuations in 
flow through higher extraction demands or variable rainfall patterns. Temporal flows of resources, such 
as monsoonal rainfall patterns have significant effects on management strategies and may necessitate 
the building of storage capacity (Schlager et al., 1994). 
The complexity of managing flowing resources is compounded when the resource moves through 
physical or conceptual boundaries (Schlager et al., 1994; Ostrom et al., 1994; Agrawal, 2003). The 
movement of water through neighbouring countries that often have competing claims to water is a well-
studied example (Ostrom, 1994; Dietz et al., 2003; Heikkila, 2004). The same disconnect in water users 
perceived externality attribution can also be seen at smaller spatial scales; for example, between urban 
and rural areas (Schlager et al., 1994). The inability to have complete information on the upstream 
resource users’ extraction means that a decrease in flow is often attributed to upstream abstraction. 
Likewise, the pollution of surface water is easily attributed to upstream sources (Schlager et al., 1994). 
Due to the inability to change practices upstream, resource users that access a flowing resource are less 
likely to change their own appropriation actions to benefit other users in the system (Ostrom, 1994; 
Schlager, 1994). The externalities, be it extraction or pollution in a river setting, have a unidirectional 
flow as they are marginal adjacent to the owner’s land but are more keenly felt downstream (Sarker et 
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al., 2008). Therefore, the majority of the negative consequences are passed on to other resource users 
(Schlager, 1994; Ostrom, 2009). 
Groundwater is an example of a common pool resource that has a natural storage capacity and 
comparatively limited flow (Schlager, 1994). As a ‘hidden’ resource it can be difficult to ascertain and 
understand knowledge about the resource due to its concealed nature (Shah et al., 2003). Therefore, 
groundwater has a higher initial cost for obtaining information that is pertinent for developing ways that 
the resource can be managed sustainably compared to surface water. In many informal management 
situations, there are no controls on the creation of wells (Shah et al., 2000; Shah et al., 2003; Shah, 
2007). The greater economic cost of drawing water from deeper aquifers is a limit to extraction, but 
there is also a fine balance between expanding the resource and degrading it from over-extraction (Shah, 
2000). These effects are commonly seen when recharge rates and the storage capacity of the aquifer are 
unknown. The slow rate of mobility in groundwater systems also means that many contamination or 
over-drawing effects are not initially seen (Chapman and WHO, 1996).  
The characteristics of storage capacity and flow in a water resource context determines the severity of 
the appropriation and provision problems, how locked into their current regime resource users are and 
the types of management strategies that can be implemented (Schlager et al., 1994). Water resource 
regimes that have elements of storage or an effectively stationary resource are more likely to address a 
wide range of common pool resource issues because there is less incentive to over appropriate a non-
time limited resource. These characteristics of the water resource were found by Schlager et al. (1994) 
to be more conducive to resolutions involving quantity restrictions.  In contrast, water users who have 
access to flow resources with no storage capacity are more likely to address issues around the physical 
structure of resource distribution (Schlager, 1994).  
2.4.2 Informal and formal water management 
The extraction and distribution of water resources come under two broad categories that are often found 
operating conjunctively. Informal sectors are characterised by a dependence on water users’ self-
provision through private infrastructure such as wells, irrigation canals and storage (Easter et al., 1999; 
Shah and Van Koppen, 2006; Shah, 2007; Liddle et al., 2014). Interactions between water users are 
unstructured and there is often a reliance on shared community resources (Giordano and Villholth, 
2007). In comparison, highly formal water management moves away from self-provision completely as 
almost all users are supplied by service providers (Giordano and Villholth, 2007). Pricing by volume is 
commonly used in formal sectors as a means of cost setting and resource allocation rather than 
customary rights (Koppen et al., 2008). In this setting water is an organised resource that can be 
administered by a range of policy and management options (Koppen et al., 2008).  
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The reality of water management within a catchment is similar to resource use regimes in that it often 
operates on a continuum from highly formal regimes to informal arrangements that integrate both 
methods. The Jhikhu Khola exemplifies the informal approach to management as the majority of wells 
and canal irrigation systems were created for self-provision and there is insufficient communication 
between water users to manage water resources in times of drought (Merz et al., 2003). Merz et al. 
(2003) found that 80 percent of water sources in the Jhikhu Khola catchment were informal in nature, 
while the remaining 20 percent were groundwater sources owned by the local Village Development 
Committee. 
An example of informal and formal management are small scale irrigation systems in Nepal that 
operated as Farmer Managed Irrigation Systems (FMIS) or Agency Managed Irrigation Systems 
(AMIS) (Lam, 1996; Lam, 1998). Small scale irrigation systems play an important role in agricultural 
development in Asia with half of the irrigated land belonging to this category. Small scale systems that 
are locally managed typically have higher levels of performance than large scale systems that are 
managed by government agencies (Ostrom, 1992; Ostrom et al., 1994). However, there is often 
substantial variance in effectiveness between small scale systems (Lam, 1996). In Nepal irrigation was 
largely developed by local communities up until the 1950s and were small in scale, reflecting the small 
average land holdings of farmers (Lam, 1996). During the 1950s the Government of Nepal developed 
larger scale AMIS that aimed to improved efficiency through technological improvements. The 
improvements included replacing the temporary dam systems with permanent structures and lining the 
canal to reduce water loss (Lam, 1996).  
While the infrastructure performed its role adequately in isolation, the Lower riparian farmers found 
that the level of water that was available to them had decreased. Previously, the run of the river dam 
systems had required labour intensive maintenance that was too time consuming for solely upper 
riparian users to manage (Figure 2.1) (Lam, 1996). The labour performed by the Lower riparian water 
users had been the way that they equalised their claim to water use. Through the development of 
permanent dams, the labour of Lower riparian users was not needed, leading to the breakdown of social 
connections (Lam, 1996). The example shows how the norms of informal and formal management can 




Figure 2.1: A run of the river dam in the Jhikhu Khola catchment. The dam diverts water into the 
fields through a canal. The dam is made of gabion baskets and requires a minimum level of 
maintenance. 
 
The interface between water user’s consumption and the governmental direction on water resource 
management is connected by institutions (Koppen et al., 2008). Institutions are defined by North (1991) 
as; formal rules (constitutions, laws and property rights), informal rules (norms of behaviour, 
conventions and self-imposed codes of conduct) and the enforcement characteristics of both. Cleaver 
(1999) contests the definitions of formal (modern, bureaucratic, organisational) and informal (social, 
traditional) institutions and labels the comparison of the two terms a false dichotomy. Traditional 
institutions may be highly formalised but not in today’s bureaucratic sense. Cleaver (1999) suggests 
that the terms ‘organisational’ and ‘socially embedded’ are more accurate descriptors of the difference 
between institutions but notes that they are not mutually exclusive. 
The development of water institutions depends on the level of formalisation in the water economy, 
meaning the ratio of water that comes under regulatory influence (Koppen et al., 2008). The rate of 
formalisation varies depending on a range of factors, such as; government structure and its continuity, 
access to data and economic resources. Where water resources are underdeveloped, water sectors are 
generally informal and transition into formalised systems as water infrastructure and economies grow 
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(Easter et al., 1999; Shah, 2007). The transition was termed by Keller et al (1996) and Seckler (1996) 
as the movement from an open basin to a closed basin. An open basin has sufficient water to meet 
extraction and environmental flow needs across the year. There can be an increase in water extraction 
or a variety of strategies used to manage water resources (Molden et al., 2001). In contrast, a closed 
basin utilises all available water. To increase water, use in a closed basin requires a decrease in another 
part, which typically occurs downstream (Molden et al., 2001). Due to a lack of dilution the 
concentration of pollutants in lower reaches can also be a serious issue. Management options in a closed 
basin are limited and usually revert to prioritising water extraction activities and implementing water 
saving technologies (Figure 2.2) (Molden et al., 2001). 
 
Figure 2.2: The development of water resources in a basin. Adapted from Sakthivadivel and Molden 
(2002). 
 
Sakthivadivel and Molden (2002) expanded on the work by Keller et al (1996) and Seckler (1996) by 
characterising river-basin development into three stages; infrastructure development, utilisation and 
allocation (Figure 2.2). These categories relate to how institutions evolve to manage the changing 
demands for water resources. In the development stage, institutions are heavily concerned with building 
infrastructure. In this stage the availability of water is not a constraint, rather the infrastructure is built 
in response to increased demands for water. The second stage, or the utilisation stage shifts the 
institutional focus to the effective use of water. The introduction of water conserving technology and 
the maintenance of existing infrastructure are the primary concerns (Sakthivadivel and Molden, 2002). 
Environmental issues such as water pollution and water scarcity begin to occur but there is minor 
recognition. By the time institutions move to issues of allocation as the third stage of development in 
the basin, there is limited scope for further infrastructure development. Pollution and environmental 
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preservation protections are put in place and the re-allocation of water between different sectors rises 
in importance. The complexity of the system significantly raises costs related to coordination between 
institutions (Sakthivadivel and Molden, 2002). 
The scenario described by Sakthivadivel and Molden (2002) is undoubtedly the course that the majority 
of river basins take but many argue that the current development structure is detrimental to the allocation 
phase (Pahl-Wostl et al., 2010). Infrastructure can act as a barrier to creating effective management 
because it can set the mode and spatial distribution of water. Without removing infrastructure many 
basins are effectively in a closed state, especially in the lower reaches, leaving few management options 
available. Theoretically it is more efficient for management principles to be agreed upon before building 
infrastructure (Ostrom et al., 1994; Lam, 1996; Rockström et al., 2007).  
In Nepal, institutions refer to various levels of government that directly or indirectly deal with water, 
such as; international agents, foreign governments as well as water policy and water laws. The main 
focus of these institutions is to integrate the development of municipal water supplies, hydropower 
energy generation and agricultural water demands in a rapidly changing social and natural environment 
(Moench, 1999). Below the national scale water management governance there are regional and local 
scale institutions that also play a part. It is important to recognise the ‘lower level’ institutional 
arrangements such as water co-operatives and water user groups in Nepal because of the predominantly 
informal structure of water management (Kjellén and McGranahan, 2006; Shah, 2007).  
2.4.3 Legal pluralism, water institutions and management  
The link between formal and informal water management can be viewed as the interaction of laws at 
different scales (Spiertz, 2000). Laws place somewhere on a continuum from state laws to self-
regulation and in most aspects of life, people are governed by more than one legal system, which is 
termed legal pluralism (Griffiths, 1998; Tamanaha, 2008). Water resources at a small scale are often 
governed by people and groups who have developed customary laws that are based on local knowledge 
and practices to regulate the use of public resources (Spiertz, 2000; Bruns and Meinzen-Dick, 2001). 
The rules or agreements are usually understood or implied without being written and are termed 
normative behaviours that are generated among people (Spiertz, 2000; Tamanaha, 2008). In contrast 
laws that are developed by the state are often codified, based on precedence and focus on individualism 
rather than group rulings (Spiertz, 2000). 
The relationship between these two types of laws can be fraught as their creation and enactment border 
on diametrically opposed models (Griffiths, 1986). The comparison of these systems is often grounded 
in western legal bias and assumptions that have often seen customary laws and practices as obstructing 
social and economic changes (Spiertz, 2000; Bruns and Meinzen-Dick, 2001). These different 
ideologies are typically observed in land ownership where family or group property rights are seen as a 
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barrier to individual control over resources. Furthermore, the negative connotations of group 
management extend to common property regimes that are seen as doomed to become a “tragedy of the 
commons” (Spiertz, 2000). When looking at water resources specifically, laws that are developed 
outside of communities typically do not accurately reflect the value and conceptualisation of water in 
society (Meinzen-Dick and Nkonya, 2007). For example; the cultural and religious values of water are 
often underrepresented in formal state laws but are more widely represented in customary laws 
(Meinzen-Dick and Nkonya, 2007). 
In today’s political economy it is rare to find any resource system that is governed entirely by 
appropriators of the resource that are not impacted by local, regional, national and international 
authorities (Varughese and Ostrom, 2001). The water resources in the Jhikhu Khola catchment are no 
exception, with customary laws making water available to all on common or religious land, with 
preference given to long time users over newcomers (Nakarmi, 2000). Water rights to springs can also 
be sold independently of land ownership (Nakarmi, 2000). At a regional and national level, the Water 
Resources Act (1992) is a broader set of state legislation that informs how water resources are to be 
used and managed in Nepal (Khadka, 1997). It describes that all water resources are state owned, which 
raises questions about the ability of the Government to manage water with limited resources in place of 
local people (Khadka, 1997). The interaction of these laws can range from complementary to combative 
relationships, which directly determines the effectiveness of water management (Swenson, 2018). 
Traditional or informal institutions are seen as inherently weak, so the current emphasis in the resource 
management legal framework is on clearly structured arrangements over traditional or customary laws 
(Meinzen-Dick and Pradhan, 2001). 
2.5 Typologies in the Design of Common Pool Resource Management 
The physical characteristics of water as a common pool resource make it difficult to manage, without 
even considering the complexity that the formation and interaction of institutions at different scales add. 
How then should the management of common pool resources be enacted? There have been a number 
of studies that identify guidelines or principles from examples of long-standing common property 
regimes and synthesise them into theoretically based generalisations on what make common property 
regimes successful (Ostrom, 1990; McKean, 1992; Baland and Platteau, 1996; Wade, 1998; Pagdee et 
al., 2006). 
 
Perhaps the most well-known framework originates from Ostrom’s important work in Governing the 
Commons: The Evolution of Institutions for Collective Action that sets out eight design principles which 
are paramount to the enduring management of common pool resources (Figure 2.3) (Ostrom, 1990). 
Ostrom formed these principles by analysing 14 case studies generated by other researchers where users 
tried to create and adapt institutions to manage common pool resources sustainably. Based on the 
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diverse conditions of the 14 case studies, the principles are not a blueprint to be forced on common 
property regimes but should be crafted to the characteristics of the particular resource (Ostrom et al., 
1999; Ostrom and Cox, 2010). 
 
1. Clearly defined boundaries – Individuals or groups who have rights to withdraw the resource 
must be clearly defined as well as defined physical limits of the common pool resource 
2. Context specific – Similarity between the appropriation, provision rules and local conditions 
3. Collective choice agreements – individuals affected by the operational rules can participate in 
modifying the operational rules 
4. Monitoring – the people who monitor the use of resources are accountable to the appropriators 
or are the appropriators 
5. Graduated sanctions – appropriators who violate operational rules are likely to be assessed for 
graduated sanctions depending on the seriousness and the context of the offense by other 
appropriators 
6. Conflict resolution mechanisms – appropriators have rapid access to low-cost local arenas to 
resolve conflicts among appropriators 
7. Recognition of rights to organise – The rights of appropriators to devise their own institutions 
are not challenged by external governmental authorities 
8. Nested enterprises – for common pool resources that are part of a larger system it is important 
that cross scale resources and social systems are recognised as well as developing connections 
between communities and institutions. 
Figure 2.3: Ostrom’s eight design principles for guiding the management of common pool resources. 
Adapted from Ostrom (1990). 
 
The design principles for common pool resources that Ostrom identifies have been analysed and 
critiqued by many researchers. The review of 91 articles that evaluate these principles by Cox et al 
(2010) found that the principles were generally well supported but several theoretical issues caused 
debate. Principle three was well supported by a large amount of prior research on the importance of 
local knowledge in resource management (Cox et al., 2010). The advantage is that local users have 
first-hand and low-cost access to information about their environment (Bardhan, 1996; Agrawal and 
Gupta, 2005). Local knowledge and experience are a comparative advantage when designing effective 
resource use rules and strategies.  
Principle 5 was also widely accepted as critical to common pool resource management as institutions 
with graduated sanctions were more likely to endure because conflict over exhaustible resources is 
inevitable (Cox et al., 2010). Graduated sanctions help to maintain community cohesion, while 
punishing severe cases. The relative nature of the sanctions is less likely to cause people to leave 
community management systems because of disproportionate penalties for rule breaking activities 
(Ostrom, 1990; Cox et al., 2010). The compassionate understanding of infrequent rule breaking by 




The main criticisms of Ostrom’s principles refer to the focus on local scale interactions, a lack of 
sophisticated descriptions of resource properties and the debate over the merits of prescriptive versus 
diagnostic approaches to management design (Cox et al., 2010; Trimble and Berkes, 2015). As many 
researchers involved in common pool resource discourse aim to show the importance of local resource 
systems, institutions and groups, the external factors that act on these systems has received substantially 
less attention (Agrawal, 2001b). These issues are reflected in Ostrom’s principles where there is limited 
acknowledgement of how factors such as population, market demand and state policies interact with 
local institutional arrangements and resource use (Agrawal, 2001; Cox et al., 2010).  
The increasing integration with markets has an adverse effect on the management of common pool 
resources because previous subsistence users are likely to exploit resources for an increased income 
(McCay and Jentoff, 1998). Another area that lacks detail are the characteristics of resources that make 
them more or less sustainable as common pool resources. For example, the mobility and storage 
capacity of water resources impact management practices because of the dissimilarity in the availability 
of information (Schlager et al., 1994). Moreover, the unpredictability of resource access affects the 
rational actions of users and the ability to fairly allocate resources, while the mobility of resources can 
increase the cost of ensuring that users adhere to institutional rules (Schlager et al., 1994).  
2.6 Heterogeneity 
The term heterogeneity is of particular importance in resource management within Nepal. If all water 
users are identical (homogenous) then agreements between water users will have an identical 
distribution of resources. Of course; in reality, water users are not homogenous and have varied water 
demands. These differences are termed heterogeneity, which refers to variations in physical, economic, 
cultural and social characteristics (Varughese and Ostrom, 2001). As a result, these factors position 
resource users differently in their access to and use of common pool resources (Ostrom, 2002) The 
Jhikhu Khola has a high degree of heterogeneity because of displacement, emigration, cultural values, 
variations in land productivity and physical controls on access to water. The importance of 
heterogeneity in this context is that it is often identified as a factor that reduces social capital between 
individuals and requires additional institutional complexity to overcome (Ostrom, 2002). 
However, the effect of heterogeneity on the management of common pool resources is not straight 
forward and has a complex identity in literature (Snidal, 1994; Schlager and Blomquist, 1998; Bardhan 
and Dayton-Johnson, 2000; Dayton-Johnson and Bardhan, 2002). Heterogeneity is widely expected to 
negatively affect trust between users and the degree that interests diverge, thereby reducing the 
performance of institutions designed to manage resources (Tang, 1992; Ostrom et al., 1994). However, 
other researchers have found that a high degree of heterogeneity was not always a predictor of 
management failure (Singh and Ballabh, 1993) (Table 2.1). Dayton-Johnson and Bardhan (2002) found 
that the relationship between heterogeneity and successful cooperation was U-shaped. At low levels of 
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heterogeneity resource users share common incentives; while at high levels an Olson effect may occur, 
where the resource is provided by a few and others freeride (Olson, 1965). At moderate levels there are 
a mixture of these behaviours that is a hindrance to success. It is therefore a simplification to say that 
heterogeneity has a strictly negative impact as in some cases institutional arrangements can mitigate 
adverse effects (Poteete and Ostrom, 2004). 
Table 2.1: The findings of various studies on the effect of heterogeneity on managing common pool 
resources.  
Findings on the Effects of Heterogeneity Study 
Farmers formed more effective organisations with 
egalitarian community structures. 
Jayaraman (1981) 
Farmers were more likely to form water user 
associations with small variations in farm size. 
Easter and Palanisami (1986) 
Asymmetric interests or access reduces the ability of 
individuals to design adequate systems to manage 
common pool resources. 
Libecap (1989) 
Irrigation systems are more equitable when there is 
low inequality in communities. 
Wade (1987); Bandyopadhyay and von Eschen 
(1988); Kanbur and Mundial, (1992); Bardhan, (1993) 
There was a negative relationship between the 
variance in annual average family income among 
irrigators and rule conformity. 
Tang (1992) 
Heterogeneity does not have a negative effect on 
resource management performance. 
Singh and Ballabh (1993) 
There was a negative relationship between variations 
in land holding size and irrigation system 
performance. 
Ostrom et al. (1994) 
Due to opposed interests in heterogeneous 
communities, full participation may never be 
achieved. 
Baland and Platteau (1999) 
Heterogeneity and group size affect the prospects of 
collective action but not in a straightforward manner. 
Poteete and Ostrom (2004) 
 
A weakness of current research on heterogeneity is that it often focuses too heavily on economic 
components within models that do not effectively incorporate the effects of distinct physical, social and 
cultural settings. For example, when groups from diverse cultural backgrounds share access to a 
common pool resource their views on authority, trust, interpretation of rules and reciprocity are likely 
to be dissimilar (Baland and Platteau, 1999) Issues that are salient to all resource users are often touted 
as a generator of cooperative management, which can overcome issues associated with heterogeneity 
(Wade, 1988). The idea that a salient issue can induce community management has some merit in the 
Jhikhu Khola catchment as water plays a central role in many people’s lives. 
2.7 Prescriptive and Diagnostic Approaches to Management Design 
The specific properties of resources, their users and how they affect management leads into the debate 
over prescriptive versus diagnostic approaches to management design (Ostrom and Cox, 2010). The 
factors that underpin a successful common property regime are many, varied and certainly not 
encapsulated within only eight principles. Indeed, Harkes (2006) suggests that while Ostrom’s 
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principles are characteristics of successful management, the real mechanisms that keep the institutions 
functioning are the social qualities of trust, legitimacy and transparency between users. To reduce the 
application of blueprint approaches to management in complex milieus and locales, a combination of 
context specific institutional designs and the identification of reoccurring patterns of management 
should be applied (Ostrom, 2009; Cleaver and De Koning, 2015). Young (2002) as well as Ostrom 
(2007) heavily discourage using the design principles as a panacea, instead they advocate for a 
diagnostic approach, but note that it is complementary to the design principles rather than mutually 
exclusive. 
The dual use of design principles and a diagnostic approach is applicable to the Jhikhu Khola. 
Management does not have to be a concrete structure set in the river; rather it can be flexible and adapted 
to what works at a local scale. The adaption of institutions to their environmental and social setting has 
been termed institutional bricolage and is relevant in the Jhikhu Khola because of other common 
property regimes (Cleaver, 2002). Forestry areas have been managed as a common pool resource in 
Nepal for close to 40 years (Bhattarai, 2016). The development of other common property regimes in 
Nepal serves as a building block for how it can apply to water resources. Current regimes that manage 
forestry have identifiable issues but there are also demonstrable benefits from managing the resource at 
a local scale (Schreier et al., 1994; Archarya, 2002; Thoms, 2007). 
2.8 Case study: Common Pool Resource Management through 
Community Forestry in Nepal 
The management of common pool resources is not a new concept in Nepal where the community 
management of irrigation and forestry resources have been widely studied (Ostrom et al., 1994; 
Varughese and Ostrom, 2001; Agrawal, 2001; Agrawal and Ostrom, 2001). Forestry in Nepal provides 
key resources such as firewood, fodder and timber for local people (Varughese and Ostrom, 2001; 
Archarya, 2002). It is interlinked with agriculture as an area for livestock grazing, maintaining sediment 
runoff and providing ecological values (Neupane and Thapa, 2001; Neupane et al., 2002). Nepal’s 
forestry was nationalised in 1957 by the Government through the Panchayat system, which took away 
the ability of local people to manage the resource effectively (Archarya, 2002; Bhattarai, 2016). Forestry 
degradation was widespread after the change in management, especially in the Middle Hills of Nepal 
(Malla, 2000; Archarya, 2002).  
When the Panchayat system was ended it created an absence of forestry legislation and political 
instability (Bhattarai, 2016). The lack of effective governance structures caused many forests to be 
handed to local groups (Bhattarai, 2016). Community forestry management was established in 1978 
that allows local communities to manage the forestry resources for their benefit (Archarya, 2002). 
Community forestry was further strengthened by The Forest Act of 1993 and the Forest Rules Act in 
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1995 (Hobley, 1996). Under these agreements, forestry land is owned by the state but the land use rights 
are managed by the community forestry groups (Archarya, 2002). 
The changes in Nepal’s forestry management strategies are seen in the Jhikhu Khola catchment. In the 
1950s the total forestry cover of the catchment was 45% but decreased to 19% in the 1980s after 
nationalisation (Schreier et al., 1994). The community forestry groups and efforts of afforestation 
increased the total forestry cover to around 30% by 2004 but population pressures and agricultural 
expansion have made it difficult to maintain the quantity and quality of the resource (Schmidt et al., 
1993; Schreier et al., 1994; Adhikari et al., 2007). In 2002 a survey within the Jhikhu Khola catchment 
was undertaken that looked at how Forestry User Groups (FUGs) managed and distributed forestry 
resources (Schreier, 2006). The majority of forestry resources were distributed per household (not based 
on household size). The FUG committee set days when households could collect fodder, firewood, litter 
and timber with a penalty imposed if they did not follow convention (Schreier, 2006). It was found that 
rules for the collection of resources and the management differed greatly between FUGs. All of the 
FUGs highlighted that their perception of forestry resources had improved over the last ten years due 
to their management strategies (Schreier, 2006). The study recognised that there were issues around 
interactions between FUGs and national level government departments as well as increasing population 
pressures (Schreier, 2006). 
The study by Thoms (2007) identifies further issues with the FUGs that centre around internal power 
relationships between forestry users. There is considerable evidence that under community forestry 
management the regeneration and the protection of forests has increased (Mahapatra, 2000; Springate-
Baginski et al., 2003). However, the management and decision-making processes are often dominated 
by local elites that can afford to advocate for strict forest protection measures over the active 
management and use of resources (Agrawal, 2001). This style of management effectively closes off the 
community forestry and reduces the availability of many resources that are essential to the local 
livelihoods of many poorer households. Wealthier households can afford to diversify their sources of 
resources away from the tightly regulated forestry, therefore the strict management designed to 
regenerate forestry disproportionately impacts the poor (Agrawal, 2001). Thoms (2007) identifies that 
the cause of exacerbated social and gender inequalities in some FUGs as a by-product of objectives that 
seek to conserve resources rather than distribute them equally. The recognition of heterogeneity among 
resource users and concern for social outcomes are key factors in creating successful community 
management (Beck and Nismith, 2001; Thoms, 2007). 
Forestry in the Jhikhu Khola catchment as an example of a common property regime shows that the 
movement away from local management reduced the size of the forestry resource. The creation of local 
FUGs regenerated the forests and were crucially recognised by the Government of Nepal, which 
underlines the importance of interactions between informal and formal institutions in settings where 
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legal pluralism is apparent. However, the FUGs had issues adapting to population pressures and 
agricultural change that created additional stresses on the resource. Common property regimes are 
problematic to design as they must adapt to technological changes and shifts in society while still having 
a fair set of rules for regulation, enforcement and distribution among heterogeneous resource users. 
2.9 Summary  
The literature review identifies that the current paradigm of minimal integration between water 
resources and society is insufficient for sustainable management. In Nepal, the Jhikhu Khola catchment 
has experienced agricultural intensification and urban expansion that has resulted in increased pressures 
related to resource allocation, specifically the equitable distribution of water. These pressures are more 
visible on the fringe of urban and rural areas where national level government policies are often poorly 
adapted to these scenarios. Therefore, an interdisciplinary approach that recognises the interplay 
between changes in water resources and society is essential for designing management. The shared 
nature of water resources suggests that it is beneficial to view it as a common pool resource. 
It was identified that groundwater and water quality are understudied aspects of water as a common 
pool resource. It is important to understand these aspects because groundwater is often not thought of 
as a communal or shared resource and poor water quality is not recognised as significantly reducing the 
amount of available water. There are a number of different variables to consider when thinking about 
institutional arrangements for water management in the Jhikhu Khola. These include the heterogeneity 
of water user’s values and interests, the appropriateness of designed and diagnostic approaches to 
management and how formal and informal water institutions interact. It is clear that to manage water 
resources effectively there is a need for institutions that are based on generating and maintaining trust 
and social capital. 
 
In response to the characteristics of the water resources and the issues that are identified, the following 
question examines how these may be managed. To formulate the management type that is suitable for 
the Jhikhu Khola the strengths and weaknesses of common pool resource management regimes are 
identified. The physical properties of water resources and varied perspectives of people are also 
integrated into management options. Specifically, this research addresses: 
• How can water resource issues be managed in the Jhikhu Khola catchment? 
Is a common pool regime suitable for the Jhikhu Khola based on the issues that have been 
identified? 






As a characteristic of water resources, water quality has an intricate identity and is subject to complex 
inputs and interactions (Deutsch and Siegel, 1997; Nollet and De Gelder, 2000; Fewtrell and Bartram, 
2001; WHO, 2011). Each water user, researcher or group involved with water quality has a different 
perspective and approaches it from a unique angle. Water quality can be evaluated using qualitative and 
quantitative measures as quality is both a physical measurement and a human perception. The study 
utilises both approaches so that a multi-faceted view of water quality can be explored. Processes 
occurring in the human environment often manifest in the quantity and quality of water (Milly et al., 
2008). Therefore, it is important to also understand the linkages between the human and natural 
environments when discussing water resources as demonstrated in Chapter 2 (Falkenmark, 1997; Milly 
et al., 2008). 
The purpose of water quality sampling was to understand the current state of water resources in the 
Jhikhu Khola catchment and examine the effect of agricultural intensification and urbanisation. Water 
quality is an understudied aspect of water resources in Nepal (Sharma et al., 2005). Of particular interest 
is the link between surface water and groundwater as perceptions of each resource are considerably 
different. It is important to understand the different perceptions and physical measurements as a basis 
for designing management institutions. Since water and its quality is such a central aspect of people’s 
lives in the Jhikhu Khola catchment it is fitting that a mixed methodology is used to corroborate and 
triangulate the data that has been recorded through different means (Bryman, 2006; Creswell and Clark, 
2007). 
Due to the technical nature of the water quality data the qualitative results will not be able to directly 
support the measured variables (Bryman, 2006; Teddie and Tashakkori, 2009; Hennink et al. 2010). 
Instead it aims to inform a broader sphere of knowledge that relates to the water quality data (Figure 
3.1). While water quality is significant in the Jhikhu Khola catchment it is clear that a number of 
additional factors need to be considered in this context. The different views of the water users need to 
be considered to develop effective management strategies. The qualitative data seeks to bridge the gap 





Figure 3.1: The principles of measurement and perception define the subjective term “water quality”. 
 
3.2 Research Design 
3.2.1 Theoretical approaches to integrating quantitative and qualitative data 
To be able to effectively undertake interdisciplinary research, the theoretical approaches to the 
integration of quantitative and qualitative are discussed here. The aim of these approaches is a more 
holistic understanding within avenues of research (Tashakkori et al., 1998; Onwuegbuzie and Teddlie, 
2003; Bryman, 2006 Bryman, 2007). Interdisciplinary research has increasing relevance in today’s 
world as the prevalence of systems that have been altered by humans and impact humans is widespread 
(Vitousek, et al., 1997; Hallett et al., 2002; Oki and Kanae, 2006;).  However, the uptake of a mixed 
methodology approach is not widely utilised by researchers in fields that can be interpreted holistically 
(Onwuegbuzie and Teddlie, 2003; Bryman, 2006; Bryman, 2007).  
Both epistemological views seek to understand complex relationships that exist in the field and how 
they interact with the validity and development of theory (Onwuegbuzie and Leech, 2005). Indeed; 
Newman and Benz (1998) posit that quantitative and qualitative research represents an interactive 
continuum as neither research paradigm is independent of the other. Furthermore; data reduction, or 
turning quantitative data into qualitative data and vice versa can reveal new interpretations of the 
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original data set (Onwuegbuzie and Leech, 2005). Perhaps, the lack of mixed methodology approaches 
to research stems from the specialised nature of today’s researchers (Johnson and Onwuegbuzie, 2004; 
Onwuegbuzie and Leech, 2005). This is compounded by experience bias, where one type of research is 
focused on or valued more by the researcher that limits the scope for a more holistic view and 
collaboration (Onwuegbuzie and Leech, 2005; Bryman, 2007).  
The de-emphasising of the separation between quantitative and qualitative research that already have 
blurred boundaries and reframing it, as exploratory and confirmatory research, would be a more robust 
framework for integrating complementary research methods (Onwuegbuzie and Teddlie, 2003). While 
facing challenges in application, the holistic approach of interdisciplinary research is worth persevering 
with because of the ability to create research with a value that is greater than the sum of the individual 
quantitative and qualitative parts (Onwuegbuzie and Leech, 2005). 
The study by Bryman (2006) found that when researchers decided to integrate quantitative and 
qualitative data there was no set structure or method of data integration that is followed. Qualitative 
research is often depicted as a research strategy whose emphasis is on a relatively open-ended approach 
to the research process, frequently produces surprises, changes of direction and new insights. Similarly, 
quantitative research is not a mechanical application of standard methods and frequently brings about 
new understandings (Bryman, 2006). When the two are integrated, the potential for unanticipated 
outcomes is multiplied considerably, which has flow on effects for methods of integration (Leech and 
Onwuegbuzie, 2009). Bryman (2006;2007) puts forth the idea that the ‘whatever works’ approach has 
resulted in no clear exemplars of how a mixed methodology should be integrated effectively. One 
barrier to integrating the two types of data is the quantitative data may provide more or less indisputable 
evidence of a problem but within the qualitative data the issue is not perceived and is effectively 
agnostic to the objective evidence (Bryman, 2006). The value of triangulation, expansion and 
correlation between data types is limited in this case (Olsen, 2004; Leech and Onwuegbuzie, 2009). 
3.3 Research Approach 
A field-based research method was chosen, followed by laboratory sample measurements and data 
analysis. The field-based research involved water sampling, semi-structured interviews with local 
people and key informant interviews with experts. The experts were researchers that had previous 
knowledge of the region or government officials that worked on agricultural and water issues. The key 
informant interviews allowed the Jhikhu Khola catchment to be positioned in relation to the broader 
context of Nepal’s water resource and agriculture situation. 
When selecting sample sites during the research period, both probability and non-probability sampling 
methodologies were used. Non-probability sampling is a technique where the samples are selected in a 
systematic process that does not give all of the population an equal chance of being selected (Hennink 
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et al., 2010; Kitchin and Tate, 2013). Data collected using this method cannot be considered 
representative of the population (Laws et al. 2013). In contrast; probability sampling refers to the 
random selection of samples with each sample having equal probability of being chosen (Tolich and 
Davidson, 1999). Probability sampling is a more accurate representative of the population, however, 
constraints to the available time and budget for field research make non-probability sampling a necessity 
in many situations (Kothari, 2004). 
For the water user interviews and water sampling sites a combination of stratified and snowball 
sampling was used. The Jhikhu Khola catchment was divided into subsections based on land use, 
agricultural intensity, population density, topography and upstream or downstream location. Samples 
were taken from within these subsections to represent their characteristics (Kitchin and Tate, 2013; 
Hennink et al. 2010). Within these subsections, the snowball approach was applied to interviews, where 
previous interactions led to further interviews with people who were receptive to being interviewed and 
available (Bryman, 2016). In the same way the snowball approach was also applied to finding 
groundwater well sites that were owned by people who were open to them being sampled. For the key 
informant interviews, a stratified approach was used as people who were knowledgeable and could offer 
expert opinions and information on water resources and agriculture in Nepal were sought out (Bryman, 
2016; Kitchin and Tate, 2013; Hennink et al. 2010). 
3.4 Field Study Location 
The Jhikhu Khola catchment is located approximately 45 kilometres east of Nepal’s capital city, 
Kathmandu. It is located in the Middle Hills region within the district of Kavrepalanchok (Figure 3.2). 
The Jhikhu Khola catchment has strong market linkages to Kathmandu through the Araniko Highway. 
Due to its location on the periphery of the Kathmandu basin, the Jhikhu Khola is experiencing changing 




Figure 3.2: The location of the Jhikhu Khola catchment in Kavrepalanchok District, Nepal. 
 
3.4.1 Climate and Hydrology 
Climate in the Middle Hills of Nepal is influenced by the annual monsoon cycle and the topography of 
the Himalayan mountain chain. Precipitation patterns in Nepal are dominated by the southwest monsoon 
system that produces a precipitation peak in summer. The monsoon rainfall is orographic and its 
distribution is heavily influenced by elevation at a macro-scale and topography at a meso-scale 
(Eriksson et al., 2009). Climate change has seen warming occur at a much higher rate than the global 
average. Nepal has seen 0.6°C increases per decade compared with the global average of 0.74°C over 
the last 100 years (Eriksson et al., 2009; Immerzeel et al., 2010). Trends in Nepal’s precipitation are 
not easily discernible as there are increasing and decreasing trends across the country (Smadja, 2009). 
The most noticeable change has been the increase in extreme weather events that often occur as high 
intensity rainfall during the early monsoon season (Bookhagen, 2010). Seventy percent of the annual 
precipitation in the Jhikhu Khola occurs from June to September (Schreier, 2006). There is sporadic 
rainfall throughout the remaining months of the year, which results in severe drought conditions (Merz, 
2004). Temperature minimums and maximums range from 3°C in winter at higher altitudes, to 40°C 
during the pre-monsoon season in the valley (Merz et al., 2003). 
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3.4.2 Physiography and Lithology 
The geology of the Jhikhu Khola catchment is predominantly metamorphic rocks, such as muscovite 
schists and phyllite (Figure 3.3) (Schreier, 2006). There are also minor outcrops of metasandstones, 
gneiss and carbonate-based rocks (Merz, 2004). The lithology of the catchment has implications for the 
quality of water, especially in groundwater sources. The valley floor has been infilled with alluvial 
deposits from the Jhikhu Khola creating a flat topography, which is a nutrient rich and fertile region for 
growing crops (Merz, 2004). A striking visual feature of the catchment are the red soils. The red soils 
are highly weathered kaolinitic clays with high Al and Fe content (Brown, 1997). When organic inputs 
are low the red soils are highly prone to erosion and generally unfavourable for agriculture (Schmidt, 
et al., 1993; Schreier, 2006). 
 









3.4.3 Socio-economic trends 
The Jhikhu Khola catchment had a population density of 437 people per km2 in 2000, continually 
growing at three to four percent since 1949 (Brown and Shrestha, 2000; Schreier, 2006). The rate of 
population growth is likely to have increased further, as many people in the Middle Hills region were 
displaced during the 2015 Gorkha earthquake (He et al., 2018). In 2000 the average household size was 
7 with a range of 2 to 27 people (Brown and Shrestha, 2000). The income of Middle Hill households 
largely depends on the amount of land owned, the type of land (rain fed vs irrigated) and its accessibility. 
Approximately two thirds of land owners own less than 0.05 hectares and are therefore classified as 
marginal farmers (Brown and Shrestha, 2000). In the Jhikhu Khola land holdings are larger on the flat 
valley floor but decrease closer to the urban area of Panchkhal. Economic returns are greatest for 
irrigated land compared to rain fed land, which correlates with the higher production potential from 
irrigation. Total returns were greatest for tomatoes and potatoes on irrigated land (Brown, 1997). As a 
result, the area under cash crop production more than doubled from the period of 1989 to 2000 (Brown 
and Shrestha, 2000). 
3.5 Sampling Strategy 
3.5.1 Water quality sampling 
Grab samples were collected from the Jhikhu Khola, shallow dug wells, boreholes and natural springs. 
The containers used were a mixture of low-density and high-density polyethylene containers and were 
in a variety of sizes depending on the variable measured (Table 3.1). A total of 449 water quality 
samples were taken at 138 sites that were selected to show the spatial variability of water quality in the 
catchment (Figure 3.4).  Before sampling the containers were triple rinsed in the sample water (Bartram 
et al. 1996). The other sampling equipment was also triple rinsed to reduce any contamination (Bartram 
et al. 1996). The sample containers were filled completely to reduce any interaction between the sample 




Figure 3.4: Water quality sampling sites for surface water and groundwater in the Jhikhu Khola 
catchment. 
Surface water samples were collected using a bottle attached to a 2-metre boom that was placed in the 
thalweg of the stream. In places where the river was dammed and there was very little visible flow, the 
samples were taken at 1.5 metres from the bank. Where possible the samples were taken at 0.3 metres 
depth but due to the low flow conditions of the Jhikhu Khola at the time of sampling some were taken 
at one third of the total water depth (APHA, 2005). 
To sample shallow wells the water was extracted carefully using the water user’s bucket and rope 
system. Care was taken to ensure that there was no contamination from the side of the well. The depth 
of the wells varied in the catchment but were generally between 8–15 metres deep. Field blanks were 
taken in the field and deducted from the samples during analysis. Samples from the Jhikhu Khola and 
groundwater were not taken during precipitation events to ensure they were not flushed with rain water. 
Table 3.1: Water quality variables sampled from the Jhikhu Khola and associated groundwater wells, 
and the volume of each sample collected. 




E. coli TSS 
Sample 
volume 




The samples for the metal analysis included one sample that was filtered using a 0.45 µm cellulose 
acetate filter (dissolved metals) and the other unfiltered (total recoverable metals). The filter was flushed 
with 20 mL of sample before the sample was taken to minimise contamination from the filters. Because 
the normal storage method of freezing samples was not possible in the field; 2 mL of 2 percent nitric 
acid was added to the heavy metal samples to reduce the pH below 2. The nitric acid prevents the 
precipitation of metal hydroxides and the absorption of metal ions onto the side of the sample container. 
Nitric acid was added to the samples as soon as sampling had concluded each day. 
3.5.2 In-situ measurements 
In-situ measurements were taken and recorded directly after sampling (Bartram et al. 1996). These 
measurements included temperature (ºC), specific electrical conductance (EC in µS cm-1) and pH (Table 
3.2). A description of the site was also recorded that among other variables included the notable features 
of the river, algal growth, water colour, water source type and adjacent land use. Any issues or changes 
in procedure were also noted. The in-situ measurements were taken using a YSI Pro multi probe. All 
measurements were taken directly after sampling to ensure that the measurements of temperature, EC 
and pH were representative of the sample. Where the water source came from a continuously running 
tap, the measurements were disregarded because the probe could not be fully immersed in the water. 
Table 3.2: Manufacturers specified detection limits for temperature, pH and EC for the YSI Pro 
multi-probe. 
Variable Method Detection Limit/Range 
Temperature YSI Pro multi-probe -5 – 45 °C 
pH YSI Pro multi-probe -2 – 19.99 
EC YSI Pro multi-probe 0 – 2000 µS cm-1 
 
3.5.3 Turbidity and Total Suspended Sediment  
Soil erosion and sediment transport are processes that naturally occur but have been modified by human 
activities (Walling and Fang, 2003; Syvitski and Kettner, 2011). Sediment is made up of minerals and 
organic matter that is eroded when the soil or rock is exposed to mechanical or chemical action. 
Agricultural activities increase the rate of soil erosion and sediment loads in river systems by weakening 
the soil structure through land clearance, soil compaction and tillage (Walling, 2009). Sediments can 
also act as a transport mechanism for contaminants such as nutrients, pesticides and heavy metals 
because of their high ionic exchange rates (Ongley, 1996). While it is hard to broadly define the change 
in suspended sediment adjacent to agricultural land it is estimated that intensively grazed land has 100 
– 1000 times higher erosion rates (Syvitski and Kettner, 2011). One of the effects of higher suspended 
sediment levels in surface water is increased turbidity. Turbidity refers to the visual clarity of the water 
and is commonly used as a proxy indicator of suspended sediment. 
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Turbidity was measured using the Hach Portable 2100Q turbidity meter (Nephelometer) in Formazin 
Nephelometric Units (FNU). The water samples were carefully decanted into a pre-cleaned curvette to 
ensure no sample cross-contamination. Replicate measurements were taken five times and an average 
turbidity was calculated. TSS was measured at the Aquatic Ecology Centre in Kathmandu University, 
whereas the turbidity was measured at the end of each sampling day.  
Total suspended sediment (TSS) was measured following standard methods, where a known volume of 
sample was filtered through a pre-weighed glass filter paper with a pore size of 1.5 µm. The filter was 
oven-dried for 24 hours at 105°C and reweighed. The cycle of weighing and drying was repeated twice 
so that a consistent weight was recorded and to calculate the accuracy and precision of the 
measurements (Table 3.3). The TSS in each sample was determined by subtracting the initial weight of 
the filter paper (Weightinitial) from the final weight of the filter paper, which contained the dry residue 
(Weightfinal). The result was then divided by the volume of water and converted to mg L-1. 
Table 3.3: The accuracy and precision limits of the total suspended sediment and turbidity 
measurements. 
Variable Accuracy Precision 
Total suspended sediment (mg L-1) 2 mg/L 0.3 mg L-1 
Turbidity (FNU) 2% 1% or 0.01 (larger number) 
3.5.4 Total coliforms and E. coli 
In an agricultural setting the excreta from livestock can contain many microorganisms and multicellular 
parasites that can be harmful to human health. The microorganisms become water-borne when faeces 
are washed into water bodies that serve as drinking water supplies (Yates et al., 1985). Food-borne 
microorganisms can also be an issue, especially when crops have been irrigated with contaminated 
water. Microorganisms can have substantial residence times and can consequently be transported to 
water bodies weeks after being discharged onto land (Steinfeld et al., 2006). 
Untreated wastewater is another avenue through which water bodies are polluted with human pathogens 
(Ensink et al., 2002). Contamination is particularly prevalent in shallow groundwater aquifers in 
countries with low levels of infrastructure as most of the domestic and municipal wastewater is not 
treated (Yates et al., 1985). While coliforms are not necessarily disease causing themselves, they are 
typically used as an indicator that other microorganisms such as faecal coliforms and E. coli are present 
(Harwood et al., 2005). 
To measure the total coliforms and E. coli counts in the samples the membrane filtration technique was 
used at the Aquatic Ecology Centre at Kathmandu University. The 100 mL samples collected in the 
field were stored in a cool container before returning to the laboratory, where the samples were 
measured within 24 hours. The Standard Total Coliform Filter Procedure (Method 9222) was followed 
where the 100 mL sample was filtered through a 47-mm, 0.45 µm pore size cellulose membrane filter 
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that retains the bacteria present in the sample (Chigbu and Sobolev, 2007). The filter was then placed 
on an agar plate and incubated for 24 hours at 35°C. The bacterial colonies that grow on the plate were 
inspected for the presence of blue colour from the breakdown of enzyme substrates under long wave 
ultraviolet light (366 nm) (Chigbu and Sobolev, 2007). 
3.5.5 Nutrients: Nitrogen and Phosphorus 
Water pollution from nutrients (e.g., nitrogen and phosphorus) are a common occurrence in agricultural 
catchments, and typically occur when fertilisers are applied at a greater rate than plant uptake or the 
rate that they can be fixed by soils (Roy et al., 2003). Excess nutrients move via surface runoff into 
waterways or leach into groundwater (Carpenter et al., 1998). The presence of excess nutrient 
concentrations in freshwater systems leads to increased growth of algae and nuisance aquatic plants 
along river banks, which can reduce the dissolved oxygen supply when they decay (eutrophication). 
While nitrogen and phosphorus are essential for crop growth, high yields and the associated economic 
and social benefits, the high use of fertilisers can adversely impact the environment through undue 
primary production and growth, potentially resulting in toxic algal blooms, and the contamination of 
soil and water (Gilbert and Burkeholder, 2006). 
Nitrogen is very soluble, especially in the form of nitrate (Gascho et al., 1998). On the other hand, 
phosphorus is less mobile and is typically transported to surface waters through the erosion of soil 
particles that it binds to (Boström et al., 1988). The interaction of nitrogen and phosphorus in plant 
uptake rates is complicated and adds to the difficulty in managing water quality in agricultural settings. 
For example, a deficiency of phosphorus that occurs in two-thirds of the world’s agricultural land limits 
the rate of nitrogen uptake in plants, irrespective of the availability of nitrogen (Lawniczak et al., 2015; 
Sardans and Peñuelas, 2015). Nitrate contamination of groundwater is also prevalent as it is the world’s 
most common chemical contaminant in aquifers (Jalali, 2005; Aguilar et al., 2007).  
Inorganic nitrogen in the forms of ammonium and nitrate, and dissolved phosphorus were analysed at 
Kathmandu University. The concentration of ammonium in the water was determined using the 
Nesslerization method, which is a colourmetric method (Galvão et al. 2013). The Nessler reagent 
(K2HgI4) is an alkaline solution that is added to the sample and reacts with ammonium to create a 
yellow-brown solution. The intensity of the colour depends on the concentration of ammonia in the 
sample (Zadorojny et al. 1973). The spectrophotometric wavelength is between 400 to 500 nm with the 
wavelength used dependent on the expected ammonia concentration (Galvão et al. 2013).  
Nitrate was analysed using a UV spectrophotometric method. The method is based on nitrate strongly 
absorbing wavelengths in the 220 nm region (Aydin, 2013). The interference of organic compounds 
that also absorb at 220 nm can be corrected by taking a second measurement at 275 nm wavelength, at 
which nitrate does not absorb (Aydin, 2013). The correction factor is related to the nature and 
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concentration of organic matter and may vary between samples. Therefore, the method is not 
recommended if there is a significant amount of organic absorbance correction required. Due to the low 
flow conditions present at the time of sampling and the low concentration of organic particles the 
method was considered suitable. To prepare the sample 1 mL of HCl solution was added to the 50 mL 
sample to prevent interference from hydroxide and carbonate ions. Calibration standards with known 
volumes of nitrate were then prepared. The spectrophotometric measurements then took place using a 
wavelength of 220 nm to obtain nitrate readings and a wavelength of 275 nm to determine interference 
from dissolved organic matter. The absorbance due to the nitrate in solution was calculated by 
subtracting two times the absorbance reading at 275 nm from the absorbance at 220 nm (Aydin, 2013).  
To determine the orthophosphate content, the sample was initially put through a potassium persulphate 
digestion. The digestion causes the phosphorus to disassociate from its mineral phases, the hydrolysis 
of esters and the oxidation of organic species (Gross et al. 1999). The digestion readied the sample for 
the detection of orthophosphate. The orthophosphate ion PO43- was then reacted with ammonium 
molybdate and antimony potassium tartrate under acidic conditions to form a complex. The complex 
was reduced with ascorbic acid to form a blue colour which absorbs light at 880 nm (Gross et al. 1999). 
The blue colour intensity is proportional to the phosphorus concentration, which was measured by the 
spectrophotometer and has a detection limit of 0.005 mg L-1 (Gross et al. 1999). 
3.5.6 ICP-OES – Metal analysis 
Heavy metals in water are found in dissolved or particulate forms, which determines their 
bioavailability and hence their toxicity in the environment (Singh and Steinnes, 1994; Moore and 
Ramamoorthy, 2012). Dissolved metals refer to the concentrations of metals in a solution. Metals in a 
dissolved form have a high uptake by organisms and have high bioavailability (Alloway, 2012). 
‘Particulate’ refers to metals that are in a solid state that bind to other organic particles or biofilms on 
inorganic particles. Due to their sorption potential on grain boundaries particulate-bound metals have a 
lower bioavailability (Calmano et al., 1993). The term total recoverable metals refers to both dissolved 
and particulate metals. Heavy metals have natural and anthropogenic sources that relate to the 
underlying geology and nearby land use types. The geology of a region leaves an imprint on the 
composition of heavy metals found in water (Taghipour et al., 2011). Due to the comparatively closed 
off nature of groundwater and longer periods of interaction, geology has a stronger control on the 
concentration of heavy metals compared to surface water (Ledin et al., 1987).  
There are a wide range of anthropogenic heavy metal sources that are either direct discharges into water 
bodies or diffuse pollution from nearby land use. These include mining tailings, untreated effluents, 
metal chelates from industry as well as fertilisers and pesticides (Amman et al., 2002; Nouri et al., 
2008). Soils can be a sink of natural and anthropogenic heavy metals in water. Soil types have distinctive 
heavy metal signatures based on the underlying geology, which is expressed based on the degree of 
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weathering that has occurred (Karbassi et al., 2008). Anthropogenic sources of heavy metals can be any 
activity that discharges material containing heavy metals onto adjacent land. Heavy metals from soil 
typically enter surface water through surface erosion, where metals that are bound to soil particles enter 
water bodies (Quinton and Catt, 2007). Heavy metals can also enter groundwater through the 
percolation of water through contaminated soil (Mor et al., 2006).  
Dissolved and total recoverable heavy metals in the water samples were analysed using Inductively 
Coupled Plasma – Optical Emission Spectrometry (ICP-OES) in the Department of Geography at the 
University of Otago. The total recoverable samples were prepared for an acid digestion by adding HCl 
at a 1:1 ratio of HNO3 (APHA, 2012). Additional nitric acid was not added because it was added in the 
field after sampling for preservation purposes. The samples were then placed on a hot plate and left at 
a sub boiling temperature (95 °C) for two hours (APHA, 2012). The samples were then topped back up 
to 20 mL using ultra-pure water to account for evaporation during the digestion before being ready for 
the ICP-OES analysis (APHA, 2012). 
The ICP-OES was used to measure 21 elements with each sample measured in triplicate. To check the 
accuracy and precision of the measurements; standards, field blanks, filter blanks, acid blanks as well 
as control samples were run during the measuring process. The standards WW IPC-1 and GENESIS-
ICAL were used to prepare the standards for each metal ion measured. The ICP-OES measured the 
samples by creating a sample aerosol at the appropriate nebuliser and spray chamber. It was then 
injected into the inductively coupled plasma that is created by applying an oscillating radio frequency 
field to a stream of argon gas. The sample atoms experience temperatures of 6000 – 8000°K, which 
results in almost complete dissociation of molecules. The high temperatures excite atomic emission, 
which was then measured using a spectrometer. The specific emission wavelength was then measured 
that corresponds with each element present (APHA, 2012). The accuracy, precision and detection limit 
(DL) of the total recoverable metals and the dissolved metals are summarised in Tables 3.4 and 3.5. 
Table 3.4: The accuracy, precision and detection limits for the total recoverable metals analysed on 
the ICP-OES. 
 Ag Al As B Ba Be Cd Co Cr Cu Fe 
Accuracy BDL 0.006 0.023 0.007 0.009 BDL BDL BDL BDL BDL 0.004 
Precision 0.001 0.002 0.005 0.001 0.001 0.001 0.002 0.001 0.001 0.001 0.001 
DL 0.002 0.007 0.014 0.004 0.003 0.003 0.006 0.004 0.003 0.002 0.004 
 
 Ga Li Mn Ni Pb S Se Sr V Zn 
Accuracy BDL BDL BDL BDL BDL BDL 0.022 0.014 BDL 0.004 
Precision 0.003 0.001 0.002 0.001 0.003 0.007 0.003 0.000 BDL 0.002 




Table 3.5: The accuracy, precision and detection limits for the dissolved metals analysed on the ICP-
OES. 
 Ag Al As B Ba Be Cd Co Cr Cu Fe 
Accuracy BDL BDL 0.008 0.003 0.003 BDL BDL BDL BDL BDL BDL 
Precision 0.001 0.002 0.009 0.003 0.003 0.002 0.003 0.003 0.002 0.002 0.002 
DL 0.002 0.006 0.027 0.008 0.009 0.005 0.008 0.008 0.006 0.005 0.005 
 
 Ga Li Mn Ni Pb S Se Sr V Zn 
Accuracy BDL BDL BDL BDL BDL BDL 0.007 0.014 0.002 BDL 
Precision 0.002 0.004 0.004 0.002 0.002 0.004 0.013 0.002 0.002 BDL 
DL 0.006 0.011 0.011 0.005 0.007 0.012 0.039 0.006 0.007 BDL 
3.6 Water User and Key Informant Interviews 
3.6.1 Water user interviews 
Semi-structured interviews in the Jhikhu Khola catchment were conducted with 70 water users and 
people involved in water use and agricultural production. To understand the different perspectives of 
water users, the interviews were conducted in a range of distinct physical and social settings. Interviews 
were conducted by the research assistant in Nepali. They were conducted to collect qualitative data on 
water use and agricultural practices and were adapted to the issues and opinions the local people 
presented (Laws et al., 2013). The angle of inquiry was also adapted based on the occupation of the 
participant. Shop owners who sold pesticides and fertilisers were interviewed on their areas of expertise 
as were participants who owned land and grew agricultural products. The interactions that the people 
in the Jhikhu Khola catchment have with water resources and agriculture was therefore explored from 
multiple perspectives. 
The interviews were conducted in a comfortable setting for the participant, so they felt at ease when 
communicating (Kitchin and Tate, 2013). In recognition of the local customs the consent of the head of 
the family was sought before interviewing women. To put women participants at ease they were 
interviewed in a group where possible. It was important to have an equal balance of men and women 
interviews because they both have traditional roles associated with water use. These interviews provide 
a local perspective on water use and agricultural practices. The resulting discourse made the situation 
clearer for the researcher; bringing about additional avenues of enquiry (Kitchin and Tate, 2013; 
Hennink et al., 2013). 
Open and closed question styles were asked of the participants to allow the coding of data while also 
facilitating data rich answers (Tolich and Davidson, 2011). Open ended questions allowed people to 
give their opinions and indicate what is important to them (Flick, 2013). Not forcing the interviewee to 
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respond in a certain manner increased the number of unique responses, which allowed a greater 
understanding of the differences in water issues and agricultural practices across the catchment. 
3.6.2 Key informant interviews 
Key informant interviews (KII) took place outside the Jhikhu Khola catchment with ten people from 
local government and agricultural experts. Interviews in Kathmandu were conducted by the researcher 
in English at research institutions and government departments. All of the key informants had 
previously been to the Jhikhu Khola catchment in inspection or research capacity and could offer expert 
knowledge. The key informant interviews employed a snowball approach to setting up interviews, 
where a key informant suggested further interviews that may be beneficial for the study. The key 
informant questions were all open ended and were based on what was observed in the field from water 
user interviews to sample measurements. Questions were also adapted based on the responses of the 
key informants that introduced new information or ways of thinking. 
3.6.3 Ethics and positionality 
The structure of the interview and interactions with people were conducted with ethical considerations 
in mind (Laws et al., 2013). The intentions of the interview were clearly presented to participants before 
they agreed to be interviewed and it was made clear that there would be no consequences from 
withdrawing from the study at any time. The anonymity and confidentiality of any data collected from 
the interview was also explained. To ensure that the ethical considerations were suitable the approval 
of the Human Ethics Committee at the University of Otago was sought before research began. As the 
research involved travelling overseas and collecting personal information a Category A Ethics Form 
was submitted and approved. The Category A Ethics Form is in Appendix 1. 
The interviews in the Jhikhu Khola catchment were conducted by a PhD candidate from Nepal who is 
fluent in Nepali; the national language and a common link between the many groups of people in Nepal. 
All of the pertinent information was communicated to the participants before the interviews began. The 
information and ethics sheets were also translated to Nepali so that the participants could easily 
understand the information. The importance of following and conveying the ethical standards of the 
research to its participants was imparted to the research assistant. The interview participants were all 
asked to sign a consent form stating that they understood what they were agreeing to. The consent form 
is in the appendix. They were also informed that they could view the thesis after completion. It was 
clearly stated in the information sheet that the collected data would be stored in a locked cabinet at the 
University of Otago in the Department of Geography for five years. After this time period the data will 
be destroyed. 
The views of the researcher and the views that local people hold in Nepal are very different and will, 
therefore, influence the qualitative results. I found that the process of interviewing water users required 
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an open mind and was a continued learning process. The water user’s opinions and values, while being 
considerably different to mine, varied significantly within the catchment. These differences required a 
new approach for each interview to fully understand their views. As someone who has never really had 
to worry about access to water, I had to think about the position that water users were in to objectively 
analyse their interviews. This concept is termed positionality, which refers to the influence that previous 
experiences, values and opinions have on the interactions with other people (Plowman, 1995; Rose, 
1997). As the research assistant conducted the semi-structured interviews it is important to also 
understand their positionality and how it influences the discussions. By researching topics and 
developing opinions, it is also not realistic to expect an independent or detached view from the issues 
(England, 1994; Merriam et al., 2001). Through the process of reflexivity, it was acknowledged that 
the collection of data and the interpretation of results were influenced by the researcher’s positionality. 
3.6.4 Limitations of the qualitative research 
Due the researcher being a foreigner that could not speak Nepali it was necessary to have a translator 
to convey the water user interview questions. During this process it is possible that the meaning of 
questions and responses were misinterpreted through translation. Even though the confidentiality of the 
interviewees was clearly stated it is possible that not all of the participants gave their opinions freely or 
accurately. Many people had questions about the function of the Dictaphone, which were answered by 
the research assistant. After explaining to people that the researcher could not understand Nepali many 
participants became more relaxed, however, it is possible that participants changed their responses 
knowing they were recorded. As the Jhikhu Khola catchment has seen numerous researchers and NGOs 
working over a period of more than 60 years it was important to clearly state the intention of the 
interview when approaching people. Many people were hopeful that a well would be dug for them but 
it was made clear that this was not the purpose of the research before the interview began. 
Finally, because the research assistant was not from the area; the people being interviewed may have 
been more reserved in their answers. The research assistant had experience interviewing people for 
research purposes that helped to ease the concerns of the interviewees. He was able to thoroughly 
describe the intention of the research to the participants and ease their concerns about how the 
information would be used. While efforts were made to reduce the limitations of the research it was 







3.7 Data Analysis 
3.7.1 Statistical Testing 
Due to the Jhikhu Khola’s characteristics many of the metals were not detected or were between zero 
and the ICP-OES detection limit. Data between zero and the detection limit is known as left censored 
data (Helsel, 2012). The values of left censored data are difficult to define but should not be excluded 
from analysis because of the resulting bias to statistical results. To allow for the left censored data the 
mean and median were calculated using the Kaplan-Meier method for non-parametric data using a 
bootstrapping method in Minitab 17®. The bootstrapping method recognises the values below detection 
and repeatedly samples the observed data to estimate the confidence interval of the result. The mean 
and median of the data were calculated at 95% confidence intervals (Helsel, 2012). The Kaplan-Meier 
method was used to determine statistics based on the source of the water, land use, geology and the site 
position within the catchment. 
The Mann-Whitney test was used to compare the medians of the surface water and groundwater results 
and determine if they were statistically different at the 95% confidence interval. The Mann-Whitney 
test was chosen because the data sets of water quality variables are non-parametric (Helsel, 2012). 
Correlation analysis was conducted to determine the association between water variables as well as the 
strength and direction of the relationship. Spearman’s rho (ρ) was used to assess the strength as well as 
the direction of the relationship between surface water turbidity and metal concentrations. It is also 
appropriate in this context because of the non-parametric nature of the data. The Mann-Whitney and 
the Spearman’s rho correlation test were both calculated in Minitab 17®.  
3.7.2 The spatial representation of data 
The mapping of data and how it varied spatially was presented using ArcGIS (v. 10.5). Changes in 
water quality variables across the catchment were identified and linked to land use and geology. The 
land use base map was adapted from previous studies (Merz et al., 2003; Schreier, 2006), satellite 
imagery and notes that were taken in the field. The geology base map was adapted from Nakarmi (2000), 
information from Paudel and Tamrakar (2012) and notes taken in the field. Subsections of the catchment 
based on the distance from the headwaters were identified and categorised from observations in the 
field. Base maps and satellite imagery were sourced from ESRI and Google Earth (2019). 
3.7.3 Qualitative data analysis 
During the data collection process the responses of the people being interviewed shaped future topics 
and discussions as important issues emerged (Laws et al., 2013). After the interviews, the transcribed 
data was categorised using a coding system based on important themes and location within the 
catchment (Tolich and Davidson, 1999). Key themes for water users included; agricultural practices, 
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water sources, concerns over water availability, health and economic aspects as well as potential future 
issues. Graphs were produced to visually represent suitable data. Key informant interviews focused on 
broader topics, such as the role of government and NGOs in agriculture within Nepal, water 
management strategies, nationwide trends in agricultural management and water resources. The data 
from the key informant interviews allowed the processes and trends within the Jhikhu Khola catchment 
to be situated in the wider context of Nepal. 
3.8 Conclusion 
Water quality has a complex identity and benefits from both qualitative and quantitative methods as it 
is both a physical, measurable property and human perception. The corroboration of both types of data 
allows a wider perspective of the water issues that locals in the Jhikhu Khola face. Water user interviews 
also informed the researcher about the developments and trends in agricultural and urban practices that 
directly influence water quality. The more holistic view of issues that this research strategy utilised is 
important when developing management. Water samples from surface water and groundwater, water 
user interviews and key informant interviews all took place in the field. Laboratory methods, interview 
coding and statistical analysis were conducted at Kathmandu University and the University of Otago. 
The relationships and key issues found within the collected data will be examined further in the results 





Two sources of water are predominantly utilised in the Jhikhu Khola catchment; surface water for crop 
irrigation and groundwater for human consumption. The water quality characteristics of the Jhikhu 
Khola catchment are described in this chapter as well as the perceptions of water users on water 
resources and agricultural practices. The data presented on water quality variables is based on 450 water 
samples that were taken from groundwater and surface water sources within the catchment. Interviews 
were conducted with 70 water users within the Jhikhu Khola catchment as well as ten interviews with 
key informants who had expert knowledge in water resources, urban and agricultural developments in 
the catchment. 
The water resource variables are presented and linked with the interview data to determine the key 
issues that water users face through four case studies. Significant themes that were identified through 
key informant and water user interviews will be addressed. The aim of the four case studies is to show 
the challenges that different water users face based on their location and access to water resources. The 
next section examines catchment wide trends in water resources. It starts off by looking at the rainfall 
patterns within the catchment that has a strong relationship with water resource access, to determine 
how they have changed over time. The next sections compare water quality and water availability 
between surface water and groundwater as well as upstream and downstream water sources. The results 
were compared to the World Health Organisation (WHO) water quality standards (Appendix J). The 
effect that the underlying geology and land use have on water quality is also examined. The following 
section investigates the temporal variations in suspended sediment before and after a pre-monsoon 
storm event and how it is linked to land use. The last section discusses the challenges for water 
management in the catchment. A summary of the results that identifies the main points to be discussed 
further will conclude the chapter. 
4.1 Land Use and Water Quality 
The land use of the Jhikhu Khola catchment creates distinct regions within the catchment (Figure 4.1). 
Agriculture is the dominant land use and is characterised by high intensity practices, such as multiple 
cropping patterns and high pesticide and fertiliser applications. Peri-urban and urban areas discharge 
their waste into the Jhikhu Khola and have areas of exposed soil, which increases sediment runoff. The 
peri-urban area in the mid valley is a region of mixed land use because there are also intensive 
agriculture practices in the fields between the houses. It has the highest environmental and human health 
variable concentrations in surface water and heavy metal concentrations in groundwater. The lower 
Jhikhu Khola below the urban area of Panchkhal has the highest surface water heavy metal 
concentrations. While the municipal waste of the area is discharged directly into the Jhikhu Khola it is 
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difficult to ascertain the direct cause of the elevated levels as the high extraction of water has left the 
riverbed dry except for a few pools. The increased temperature and the lack of dilution from upstream 
water in these pools could also elevate the heavy metal concentrations, especially those that are linked 
to geology or soil composition.  
 
Figure 4.1: Land use in a sub catchment of the Jhikhu Khola. Adapted from ESRI base maps and 
notes taken in the field. 
 
4.1.1 The complex interactions between land use types and water quality 
Land use has a strong control on water quality variables, as seen in the variances between surface water 
and groundwater, intensive and sloping agriculture as well as peri-urban areas (Table 4.1 and 4.2). 
However, it is extremely difficult to separate their impact on water resources because of the 
interconnected and often dual use of land. Further complicating the scenario is that the Jhikhu Khola 
flows through many distinct land uses, that each contribute to water quality variables and accumulate 
downstream. More data is needed to effectively determine the amount of influence that upstream land 
use practices have on downstream water quality variables. As it was not possible to statistically test the 
land use types influence on water resources, a case study approach was adopted to examine the 
differences between different sections of the catchment. These were based on the perceptions of water 
users, the land use type, water resource availability and the degree of water contamination and are 
explored in the next section. 
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Table 4.1: General trends of in-field observations of key water quality variables of the Jhikhu Khola, 
partitioned into different land use zone. 
 T (°C) SPC (µS cm-1) EC (µS cm-1) pH FNU 
 
Intensive Agriculture Land Use (Groundwater Sites) 
Mean 19.0 267.9 234.4 7.5 8.0 
Median 19.1 273.7 232.9 7.4 9.9 
 
Intensive Agriculture Land Use (Surface Water Sites) 
Mean 21.0 214.2 191.7 7.7 7.3 
Median 21.0 208.1 194.8 7.7 7.1 
 
Peri-urban Intensive Agriculture (Groundwater Sites) 
Mean 19.3 491.4 450.8 7.5 13.2 
Median 19.5 406.2 378.9  7.5 11.6 
 
Sloping Agricultural Land (Surface Water Sites) 
Mean 17.8 217.5 187.2 7.7 5.8 
Median 17.8 217.5 186.7  7.7 5.7 
      
 
 
4.1.2 Previous water quality results 
Another basis for taking a case study approach are the results of previous water quality studies. Water 
resources in the Jhikhu Khola catchment vary significantly spatially and temporally with the monsoon. 
The limited extent of the sampling area and research period does not allow a broad comparison between 
studies. Instead a case study approach allows an in-depth examination of how specific regions of the 
catchment compare to past results and relating the variations between them is more suitable. As part of 
PARDYP the study by Merz et al. (2004) found that the high application of fertilisers translated into 
elevated levels of phosphorus and nitrate (Table 4.3). The excess nutrients resulted in the eutrophication 
of downstream surface water. Turbidity was also found to be above WHO guidelines at some locations 






Table 4.2: Heavy metal concentration of different land use classifications for the Jhikhu Khola, for 
dissolved metals, and total recoverable metals in milligrams per litre (mg L-1). 
  Al As B Ba Cu Fe Li Mn Ni S Se Sr V Zn 







Median 0.053 0.002 BDL 0.053 0.004 0.049 0.002 0.009 0.002 1.424 BDL 0.076 0.001 BDL 













Median 0.297 0.000 0.004 0.050 BDL 0.257 0.003 0.014 0.001 1.427 BDL 0.083 0.001 BDL 
Mean 0.375 0.000 0.005 0.070 BDL 0.564 0.002 0.163 0.002 5.454 BDL 0.110 0.001 BDL 







Median 0.097 0.002 BDL 0.115 0.006 0.150 0.002 0.056 0.002 2.647 0.001 0.156 0.001 BDL 













Median 0.064 0.001 0.005 0.107 0.002 0.145 0.004 0.060 0.001 2.866 0.001 0.153 0.001 0.004 
Mean 0.297 0.002 0.006 0.117 0.027 1.181 0.005 0.156 0.002 4.538 0.001 0.195 0.001 0.010 







Median BDL 0.002 BDL 0.019 BDL BDL 0.001 BDL BDL 1.022 BDL 0.005 0.108 0.002 













Median 0.563 0.001 0.004 0.018 BDL 0.605 0.002 0.129 BDL 1.088 0.103 BDL 0.003 0.004 
Mean 0.428 0.001 0.003 0.018 BDL 0.570 0.002 0.098 BDL 0.785 0.090 BDL 0.002 0.004 







Median BDL 0.002 0.002 0.018 BDL BDL 0.003 BDL BDL 1.391 0.004 0.091 0.002 BDL 













Median 0.463 0.001 0.010 0.020 BDL 0.590 0.005 0.116 BDL 1.236 BDL 0.088 0.002 0.004 





Table 4.3: Water quality results from previous studies in the Jhikhu Khola (refer to Appendix J for 
WHO water quality guidelines). 
Water quality variable Merz et al. (2004) 
Phosphorus 0.6 mg L-1 
Nitrate 0–5 mg L-1, some 5–10 mg L-1 
Turbidity Above WHO guideline 
Eutrophication Common downstream 
Faecal coliforms All sites above WHO guideline 
 
4.2 The Spatial Variability of Water Resources and Water User 
Perceptions within the Jhikhu Khola Catchment 
4.2.1 Case Studies 
Variations in land use and topography within the Jhikhu Khola catchment create a complex system of 
interactions between physical resources and the perceptions of water users (Figure 4.2). Interviews 
within the Jhikhu Khola catchment identified four regions that each have distinctive water resource 
issues. The interviews were conducted near the end of winter, which is the driest time of the year within 
the catchment. Therefore, the majority of users were concerned about water availability at the present 
or the uncertainty around water resources access in the future. Interestingly, there was less concern 
about the water quality compared to quantity, with some users apprehensive about finding out water 
quality results because of the possibility that their only water source was unsuitable. Overall, the change 
between each region underlines how small social and environmental variations can have large impacts 





Figure 4.2: The upper and mid sections of the Jhikhu Khola where there is intensive agriculture and 
expanding urban areas. 
 
4.2.2 Mid-catchment water resource concerns 
The Mid-catchment region of the Jhikhu Khola catchment encompasses the flat valley floor where 
intensive agriculture occurs (Figure 4.3 and Figure 4.4). Cash crops and three to four crop rotations per 
year are sustained through irrigation canals and high applications of pesticides and fertilisers. During 
the dry season in winter the supply of water from the irrigation canals is lower than demand, which 
results in a few people supplementing their irrigation with groundwater. The Jhikhu Khola at this point 
is seen as too polluted to use as a source for drinking water, washing clothes or bathing. Upstream, the 
sloping land agriculture has a comparatively low surface water utilisation. Consequently, the Jhikhu 
Khola at this point is less depleted from extraction. The majority of landowners have their own well for 





Figure 4.3: The Mid-catchment region of the Jhikhu Khola. The area is a combination of high 
intensity agriculture interspersed with peri-urban areas. 
 
The most important concern to water users in this region was the uncertainty around water scarcity in 
the future and the lack of water for irrigation on their land (Figure 4.4 and Figure 4.5). While it was 
recognised that the water quality of the Jhikhu Khola was poor, many water users did not see it as their 
biggest issue because the water quality of their well was sufficient. Due to the majority of water users 
having access to wells and the Jhikhu Khola flow being less depleted at this location in the catchment, 
acute water shortages at present, the cost of accessing water and conflict over water resources were not 




Figure 4.4: The position of the Mid-catchment area in the Jhikhu Khola catchment. 
 
 
Figure 4.5: A summary of water resource concerns from water user interviews in the Mid-catchment 





Lack of water for 
irrigation











4.2.3 Mid-catchment water quality 
The assessment of the water quality variables in Mid-catchment surface water and groundwater shows 
that all key water quality variables except E. coli and total coliforms are below the WHO standards and 
are not presently a risk to human health (Table 4.4). However, riverine samples are elevated in nutrients 
(nitrate and ammonium) that may present a risk to aquatic health. The use of surface water and 
groundwater for bathing and drinking water may pose a risk to health through direct contact. Both 
surface water and groundwater also show significant evidence of soil disturbance through the high 
aluminium, iron and manganese total recoverable heavy metals (Table 4.5) The elevated FNU in 
groundwater indicates that the wells are poorly designed as either surface water or water infiltrating 
though the soil is entering the well (Table 4.4). 
 
Table 4.4: The mean and median Mid-catchment environmental and human health variables from 
surface and groundwater sources. Values in red are above WHO water quality guidelines. 





 (°C) (µS/cm)   (mg L
-1) (CFU / 100 mL) 
Surface water environmental and human health variables 
Median 20.2 191.5 175.0 7.6 0.9 BDL 0.3 0.3 386.0 1500.0 
Mean 20.8 193.2 178.9 7.5 1.0 0.7 0.7 0.6 410.4 1319.2 
Groundwater environmental and human health variables 
Median 19.2 176.7 158.2 7.4 1.4 BDL 0.2 0.2 192.0 720.0 





Table 4.5: The Mid-catchment mean and median heavy metal concentrations for groundwater and 
surface water sites. The mean and median values were calculated using the bootstrapped Kaplan-
Meier method in Minitab. 
  Al As B Ba Cu Fe Li Mn Ni S Se Sr Zn 







Median 0.097 0.001 BDL 0.089 0.006 0.145 0.002 0.040 0.002 2.377 BDL 0.127 BDL 













Median 0.064 0.001 0.005 0.081 0.002 0.235 0.003 0.044 0.001 2.234 BDL 0.122 0.004 
Mean 0.335 0.001 0.006 0.107 0.020 1.060 0.004 0.164 0.002 4.883 BDL 0.173 0.010 







Median BDL 0.002 0.002 0.018 BDL BDL 0.003 BDL BDL 1.273 0.004 0.091 BDL 













Median 0.454 0.001 0.010 0.020 BDL 0.566 0.005 0.120 BDL 1.307 BDL 0.087 0.005 
Mean 0.573 0.001 0.011 0.021 BDL 0.747 0.005 0.124 BDL 1.433 BDL 0.087 0.004 
 
 
4.2.4 Mid-catchment water user concerns 
Water users in the Mid-catchment region are concerned with the amount of irrigation water that they 
can access. The irrigation supply limits the number of crops that landowners can grow and becomes a 
stronger control further away from the Jhikhu Khola. There is variation in people’s drinking water 
access based on their access to wells and community water sources (Box 1). 
Box 1: Examples of water users concerns in the Mid-catchment region 
Water user #1  
There is no water. We are so worried about our future. I don't know what we will drink if the 
shortages of water continue. 
 
Water user #4 
We don't have enough water for irrigation. The water used to be our employment source but not 
everyone can grow vegetables now because of the lack of water. 
 
Water user #8 
There is a problem because there is not enough water for irrigation, we have to argue with people 
sometimes. Drinking water is okay but there is a big queue for water. 
 
Water user #10 
The quality is good for irrigation but not drinking water. It tastes like iron and stains the clothes. 
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4.2.5 Land management 
Agricultural practices in the Jhikhu Khola catchment have evolved over time in response to the 
increasing demand for agricultural produce (Box 2). Traditionally, there were two crop cycles annually 
but now it is profitable to have three or four crop cycles. There is a distinct pattern between bari (upland) 
and khet (lowland) land use trends. The low productivity and the difficulty of accessing water in bari 
areas has resulted in land abandonment and outmigration, while areas of khet have seen intensification, 
the diversification of crops and increased water extraction (Box 2). The Mid-catchment area that is 
predominantly flat has the most intensive agricultural practices of the catchment because of its 
favourable conditions for growing, access to water and markets. 
Box 2: The perspective of key informants on how land use practices have changed over time and 
difference between crops grown in bari (upland) and khet (lowland) areas. 
KII #4 
Earlier (in the past) people used to have two crop cycles annually. Now in peri-urban areas and 
places with market access there are usually 3 and sometimes 4 cash crop cycles per year. 
 
KII #4 
In Nepal we can see two types of land, one is bari (upland) and one is khet (lowland). Upland is 
basically used for crops such as maize and millet which need less water. In the lowland and where 
water is available farmers prefer to grow rice, wheat, potato and cash crops. 
 
4.2.6 Pesticide applications 
The increasing use of chemical pesticides is an adaption made by farmers in response to the move from 
subsistence-based farming in the Jhikhu Khola catchment to high value cash crops and multiple crop 
rotations. The change in pesticide application is most noticeable in the Mid-catchment region where 
cropping intensity is highest. Chemical pesticides are used to ensure that the time and money farmers 
have invested in their crops is protected from disease. However, many farmers lack knowledge on the 
proper application practices for pesticides (Box 3). Key informants talked about the need for farmers to 
adopt a more measured approach to pesticide application (Box 3). The same message was repeated by 
a pesticide shop owner who said that the customers often copied their neighbour when buying pesticides 
and applying them in the field. Farmers are aware of the issue but it takes time and education to change 
their behaviours. Figure 4.6 indicates that the majority of farmers are applying three or four applications 
of pesticides per crop cycle. Only a few are reactively applying pesticides based on the weather and 






Box 3: Examples of how pesticides are used by farmers from key informant interviews and water users. 
KII #5 
The use of chemical fertilisers and pesticides is far higher in China and India compared to Nepal. 
But there is the difference between judicious use and uncontrolled use. 
 
Water user #13 
People just use pesticides. I don’t know whether they know which one to use. They just copy each 
other. They come to the shop asking for the same pesticide as their neighbours. There is no 
suggesting what is good and how much quantity should be used. 
 
KII #5 
The government has technical schools, teaching programmes and media, so the farmers are being 
made aware of the issues but there are not enough strong regulations to make a change. At the 




Figure 4.6: The number of pesticide applications that farmers apply per crop cycle. A reactive 
application refers to farmers who only apply pesticides when they recognise conditions that are 
conducive for disease in their crops. Other applications are applied at pre-set intervals. 
 
4.2.7 Fertilisers 
Increased crop cycles have led to higher chemical fertiliser applications on intensive agricultural land. 
Farm yard manure and compost were traditionally used as fertilisers but the time and work to prepare 
it are factors that have decreased its use. Improved access to chemical fertilisers through trade with 
India and China at the same time have caused an increase in the use of chemical fertilisers. Key 








government of Nepal, which had also increased chemical fertiliser use (Box 4). To effectively manage 
the nutrients in the soil the importance of conjunctively using organic fertilisers is being communicated 
to farmers. Figure 4.7 shows how many applications of fertilisers interviewed farmers applied. High 
applications of chemical fertilisers were limited by the purchasing power of the farmers and as a result, 
high applications of fertiliser (four or five) per year only occurred on flat land in areas of high 
productivity and income. Mean concentrations of nitrogen and phosphorus in the Mid-catchment are 
0.7 mg L-1 and 0.6 mg L-1 respectively and likely reflect the excess fertiliser applications and the runoff 
to waterways (Table 4.4). It creates a situation where algal growth can limit surface water use. 
Box 4: Key informant opinions on how the practices of fertiliser application have changed in response 
to the changing agricultural practices. 
KII #6 
Now the government is providing subsidies to chemical fertilisers, almost one quarter of the Ministry 
of Agriculture budget is spent on subsidies for chemical fertilisers. This encourages the farmers to 
use more chemical fertilisers. Around 20-30% of the total fertiliser subsidy is being used in the 
Middle Hills. Under the subsidy the chemical fertiliser is available to the small and marginal farmers 
but not to the big farmers who are more commercial. 
 
KII #6 
The practice has changed in Nepal from previously using farm yard manure and compost exclusively 
to using more and more chemical fertiliser because it easily available. It is hard to use only manure 
and compost because it takes work to prepare. Basically, the improved response and the somewhat 




Figure 4.7: The number of fertiliser applications per year by agricultural land owners. Organic 












4.2.8 Land ownership 
Land ownership in the Jhikhu Khola catchment is predominantly small holdings of family owned land. 
The flat land on the valley floor is highly desirable for agriculture. In particular, there is competition 
between urban and rural land use types in Panchkhal, resulting in smaller land holdings (Figure 4.8). 
On the other hand, sloping land is less productive and has greater difficulty accessing water resources.  
The larger ownership size is seen because of the undesirability of the land from lower crop productivity, 
additional maintenance required during the wet season and therefore less competition for land 
ownership. 
 
Figure 4.8: The variation in land ownership sizes between the different regions of the Jhikhu Khola 
catchment. One ropani is 500 square metres. 
4.2.9 Crop varieties grown by farmers 
The crops that farmers grow in the Jhikhu Khola are decided on based on the season, their resilience, 
water demand and return at market. While traditional subsistence crops such as rice and maize are still 
grown (predominantly on sloping agricultural land). The commercialisation of farming in the region 
has led to a wide range of cash crops that farmers grow (Figure 4.9). The Mid-catchment region area as 
the prime location for crop growth has the highest number of cash crops. At the time of the interviews, 
potato was grown by a large majority of the farmers. If other crops were grown, they were in addition 
to the main potato crop. Therefore, the Jhikhu Khola at the time (February and March) was effectively 
a monoculture. Other crops such as tomatoes and cucumbers were also popular but were more 
vulnerable to diseases and subsequently required higher pesticide applications. They also have a higher 
water demand than potato, which limited them spatially to areas that had access to water sources. Cash 
crops were mainly grown on the flat land close to the Jhikhu Khola but were also found further away 



























Figure 4.9: The number of farmers growing each crop type throughout the year (not limited to 
February and March). Sixty farmers were interviewed on the types of crops they grew. 
 
4.2.10 Dams and their effect on water quantity and quality 
Dams are a common occurrence in the mid-section of the Jhikhu Khola catchment and are used to 
distribute water into canals for irrigation purposes (Figure 4.10 and Figure 4.11). They alter the 
morphology of the stream bed by creating a deep pool above the dam with low water velocity and 
significantly reduce the volume of water flowing downstream. Water quality was measured above and 
below the dam to measure their effect (Table 4.6 and Table 4.7). Each dam had unique features, with 
some being a more permanent structure while others were temporary and easily washed out after 
rainfall. Some drastically reduced the flow of water downstream, while others diverted less water for 
irrigation. The dams on the Jhikhu Khola are a feature that allow the effect of water extraction to be 
directly measured in terms how water quality variables change upstream and downstream. To see the 
difference between upper and lower variables the measurements from downstream were subtracted from 
the upstream concentrations. The results did not show a conclusive trend indicating that there are other 












































Figure 4.11: The dam locations on the Jhikhu Khola. Dam 2 and 3 are located in the Dhulikhel Khola, 
which is a tributary of the Jhikhu Khola. 
65 
 
Table 4.6: The human and environmental health variables from Dam 1 and 8, and how they change 
before and after the dam (calculated from upper-lower). NC = no change. 
 




 °C (µS cm-1)   (mg L-1) (CFU per 100 mL) 
Dam 1 
Upper 20.4 153.7 139.9 6.66 1.72 0.39 0.19 0.14 1600 164 
Lower 20.0 146.2 132.2 6.84 1.96 1.94 0.15 0.11 960 120 
Diff. NC 7.5 7.7 NC NC -1.55 NC NC 640 44 
Dam 8 
Upper 22.4 208.5 198.3 7.77 7.97      
Lower 22.6 209.9 199.5 7.78 9.16      
Diff. -0.2 -1.4 -1.2 -0.01 -1.19      
 
Table 4.7: The heavy metal measurements from Dam 8 and how they changed before and after the 
dam (calculated from upper-lower). BDL indicated below detection limit. 
Concentration (mg L-1) 






 Upper  BDL 0.002 0.001 0.018 BDL BDL 0.003 BDL 1.275 0.005 0.09 0.002 BDL 
Lower  0.002 0.001 0.002 0.018 BDL BDL 0.003 BDL 1.417 0.005 0.093 0.002 BDL 












 Upper 0.837 0.003 BDL 0.022 0.002 1.091 0.006 0.124 1.365 BDL 0.091 0.003 0.005 
Lower  0.429 0.001 BDL 0.02 0.001 0.564 0.005 0.116 1.333 BDL 0.088 0.002 0.005 
Diff.  0.408 0.002 – 0.002 0.001 0.527 0.001 0.008 0.032 – 0.003 0.001 – 
 
4.3 Panchkhal Water Resource Concerns 
The urban area of Panchkhal is situated around the Araniko Highway that connects Kathmandu to China 
(Figure 4.12). There is a high water consumption in this area because of competing urban, industrial 
and fringe agricultural land uses (Figure 4.13). Many urban dwelling people had their own well, but at 
the time of interviewing the current water shortage was still the most widely held concern about water 
resources (Figure 4.14). Landowners whose property was not adjacent to the Jhikhu Khola cannot 
access the diversion canals, so for these land owners water scarcity was of particular concern. In these 
situations, many had resorted to using groundwater for irrigation at this time of year, because of a lack 
of access to surface water that was compounded by water shortages that occur outside of the monsoon 
season. There was also disparity between water resource access between respondents, with some land 
owners having five or six wells and sufficient water supply to be able to supplement their income by 
selling the well water to other people. While they personally did not have problems with water resource 
access, they recognised that other water users faced difficulty at this time of year, and that future water 
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scarcity was an issue (Figure 4.14). Water infrastructure was largely accessible in and around Panchkhal 
but the high water use and extended period of drought resulted in an acute water shortage for many 
people. 
 
Figure 4.12: Panchkhal is an urban area and is the district centre. It has a high population density and 








Figure 4.14: Water user concerns in Panchkhal. No problem indicates that the water users did not 
have any concerns about water resources. 
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4.3.1 Water user concerns 
Water users in Panchkhal experience severe water shortages during the dry season (Box 5). They 
recognise that landowners have more access to water upstream but that it is not accessible for them. 
This largely derives from the effects of upstream diversions resulting in substantial reduction in surface 
water quantity of the Jhikhu Khola at Panchkhal. Due to water shortages some people have had to move 
away (Box 5), as there was uncertain water supply to secure livelihood. This lies in stark contrast to 
those landowners have 5 or 6 six wells, so the water shortage does not affect them. Clearly, there are 
disparities between who has access to water in Panchkhal, and that these disparities exist between 
geographic location in the catchment, access to groundwater resources, and underpin the development 
of a local scale water economy. 
Box 5: The issues that water users face in the Panchkhal region of the Jhikhu Khola catchment. The 
comments highlight the shortage of water in the dry season and the disparity between water access. 
Water user #44 
There is no water here. There is a canal but no water here. For the people living upstream there is 
plenty of water there but here we don't have enough. People have started leaving because it is so 
difficult. 
 
Water user #41 
There is no water. People do lots of cultivation but there is no water in the canal. 
 
Water user #42 
So far, we haven't faced many problems with water because we have a well. When we have a power 
cut, we have to go to a nearby well to get water. Some other people may have a problem. 
 
Water user #49  
The water quality is low now because of waste and pesticides being dumped in the river. There used 
to be lots of fish in the river but now there are no fish. 
4.3.2 The expansion of urban areas and the demand for water in rural areas 
The Jhikhu Khola catchment is a densely populated region and productive region of the Middle Hills. 
The flat valley floor makes it a desirable location for both intensive agriculture and urban living. 
Panchkhal is the largest urban area of the catchment but there is also intensive agriculture on adjacent 
land. The proportion of these two land uses is changing in response to rural outmigration and displaced 
people from the surrounding area moving in after the 2015 Nepal Earthquake. Key informants 
highlighted the importance of productive agricultural flat land because of its scarcity in the Middle Hill 
region but that it was in competition with urban areas due to the exclusionary nature of both land uses 
(Box 6). Key informants and water users also noted the growing urban population placed a heavy 
demand on water resources that were traditionally used for agriculture, creating uncertainty around 




Box 6: Key informants note that the flat land on the valley floor has dual pressures of agricultural 
intensification and urban expansion. The result is that water has become scarcer. Water users identify 
the shift after the 2015 earthquake, when people abandoned damaged houses on the hills to live on the 
flat land. 
KII #3 
The biggest issue that I see in productive river basin areas like Panchkhal is the expansion of 
settlements into productive land, we are wondering how we can protect this land for future 
generations because the concrete forest cannot produce crops. 
 
KII #3 
River basins that have flat land are really the only good crop production areas in the Middle Hills. 
Now house making, the expansion of cities and small market centres are squeezing the productive 
land. There is now some land that was once being used for crop production but is now being used 
for home production. That has made water scarcer. 
 
Water user #34 
After the earthquake all the water in the hills dries up and there is no development. People started 
moving to the plain area and make houses in the irrigable land. The fields are being encroached by 
houses. If the urbanisation continues like that the water will be finished.  
 
4.4 Lower riparian Water Resource Concerns 
The Lower riparian region is one of the most water scarce regions in the Jhikhu Khola catchment (Figure 
4.15 and Figure 4.16). The majority of the water is extracted from the Jhikhu Khola catchment upstream 
of the Araniko Highway bridge. Water users resort to excavating the river bed to create pools of water 
that can then be pumped out onto their crop fields. At this point it is hard to describe it as a river as long 
stretches of the river bed are dry with only the excavated pools having water in them. The people who 
were interviewed say that there is conflict between water users because water is not evenly distributed 
and they need the water for their livelihoods (Figure 4.17). The extreme water shortages from 
unsustainable water extraction prompted many to question how they will survive in the future if these 
water shortages continue. There was also considerable variation in access to water. Geographically, the 
farmers who could excavate the riverbed to extract water had an advantage over those who had a dry 
riverbed next to their land, while it also became increasingly more difficult to access water moving 
laterally away from the Jhikhu Khola. These variations explain the number of different water resource 




Figure 4.15: The Lower riparian region experiences severe water shortages in the dry season as the 
Jhikhu Khola dries up due to upstream extraction of water. Water users excavate the river bed so 
water pools to make it easier to pump out onto their fields. 
 
Figure 4.16: The location of the Lower riparian region. The Lower riparian region is located directly 





Figure 4.17: The issues that water users face in the Lower riparian region. Access to water varies 
significantly spatially, which accounts for the number of issues reported by water users. 
 
4.4.1 Lower riparian water quality 
Water quality in the Lower riparian region is adversely affected by the depletion of water in the river 
network. Water diversions through sequential canals downstream causes dry sections of river bed and 
as a result has reduced dilution from the flow of water; and combined with in-channel evaporation, has 
likely exacerbated contaminant levels (Table 4.8). Like the upstream locations on the Jhikhu Kola, the 
E. coli and total coliforms are still found at high levels, however, the other water quality indicators show 
different trends compared to the rest of the catchment because of the deleterious levels of water 
extraction (Table 4.8 and Table 4.9). The surface water has higher concentrations of metals, compared 
to the upstream sites, particularly in variables that relate to soil and lithology signatures (Table 4.10). 
Concentrations of aluminium (1.201 mg L-1), for example, are above the WHO water quality guidelines 
are among the highest observed in the catchment. Sources of aluminium are likely associated with soil 
disturbance (as supported by elevated turbidity > 5 FNU), as aluminium is a major component of clay 
soils (e.g., kaolinite).  Its presence in this section of the catchment, at these levels, is likely due to 
upstream water extraction and evaporation, as well as changes in metal behaviour from higher 
temperatures in the stagnant sections of water.  
Turbidity in groundwater in the Lower riparian region ranges significantly between sample sites with a 
range of 13.9 FNU (Table 4.9). The well with the high FNU value of 14.2 likely has a fault in its 
construction, which allows water that has been in contact with soil to enter the well (Table 4.9). 
Dissolved metals are higher at groundwater sites compared to total recoverable metals, which is 
consistent with other groundwater sites and indicates the effect of lithology on groundwater (Table 
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4.10). Sulphur levels are elevated (2.515 mg L-1) at surface water sites because of the dual effect of 
lithology and that many farmers wash their pesticide packets and tanks in these pools because it is one 
of the few communal water sources in the area (Table 4.10). 
Table 4.8: Environmental and human health variables from sampling surface water and groundwater 
in the Lower riparian region. Variables in red are above the WHO guidelines. BDL refers to below 
detection levels. 

















Surface water environmental and human health variables 
Median 20.4 433.4 379.2 7.6 1.0 BDL 0.3 0.3 960.0 138.0 
Mean 19.6 531.4 487.2 7.6 1.6 0.2 0.4 0.5 899.7 173.4 
Groundwater environmental and human health variables 
Median 18.6 398.7 352.3 7.7 3.0 BDL 0.2 0.2 340.0 116.0 
Mean 19.2 283.2 253.9 7.7 4.0 BDL 0.3 0.3 423.0 120.6 
 
Table 4.9: Groundwater and surface water in-situ measurements at heavy metal sampling sites from 










Site 1 20.4 4.3 3.7 7.8 0.8 
Site 2 20.3 132.5 120.6 7.7 14.2 
Site 3 18.2 428.5 373.1 7.6 0.3 
Surface Water 
Site 4  22.6 222.1 212.1 7.7 6.9 





Table 4.10: Groundwater and surface water heavy metal measurements from the Lower riparian 
region. BDL refers to below detection level. 
 Concentration (mg L-1) 









0.014 0.002 BDL 0.039 BDL BDL 0.001 0.001 1.424 0.006 0.094 BDL BDL 
Site 2 
BDL 0.001 BDL 0.058 BDL BDL 0.006 BDL 0.766 0.004 0.144 BDL 0.001 
Site 3 












 Site 1 
BDL 0.001 BDL 0.038 BDL 0.069 0.002 0.002 0.934 0.001 0.09 BDL 0.038 
Site 2 
BDL 0.002 BDL 0.079 0.006 3.102 0.007 0.712 0.878 BDL 0.154 BDL 0.075 
Site 3 
BDL 0.001 BDL 0.027 0.001 0.084 0.001 0.008 0.847 0.001 0.072 BDL 0.053 







Site 4 BDL BDL 0.011 0.022 BDL BDL 0.003 BDL 2.177 0.006 0.092 0.001 BDL 













Site 4 1.201 0.001 0.016 0.035 BDL 1.539 0.005 0.221 2.210 BDL 0.093 0.004 0.013 
Site 5 0.686 0.001 0.021 0.026 BDL 1.001 0.005 0.185 2.513 0.002 0.093 0.003 0.007 
 
4.4.2 Water user concerns 
Water users identified that they have limited choice around water sources in the Lower riparian 
region. They are hesitant to find out about the quality of their water source because of the fear that 
their only supply is contaminated (Box 7). The Jhikhu Khola is of limited use to them as a water 
source because most of the water is extracted upstream. The future of water resources in the area and 
conflicts over water are other concerns that they bring up. 
Box 7: The concerns of water users in the Lower riparian region of the Jhikhu Khola. The comments 
indicate that there is a severe shortage of water in the lower reaches during the dry season. 
Water user #24 
We don't have any alternatives and we don't care whether it is acceptable or not. What happens if 
we came to know that it is not good to drink? 
 
Water user # 37 
The river is of no use now because it is bad quality and most of time it is dried up. 
 
Water user #33 
If the shortage of water continues then there will be no water left in the future. 
 
Water user #28 
There is not enough water here. All of the resources dried up and there are people fighting for water. 
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4.4.3 Upper and Lower riparian surface water users 
The extractive use of water from the Jhikhu Khola through dams and pumping for irrigation purposes 
results in an extreme shortage of surface water in the lower reaches of the catchment. The problem is 
exacerbated in the dry season when there is low rainfall. Water users in Lower riparian regions were 
resorting to using groundwater that is usually only extracted as a drinking source for crop irrigation. 
The lowest levels of water in the Jhikhu Khola were downstream from Panchkhal, in this area the 
riverbed was completely dry for some sections. Lower riparian land owners had excavated the riverbed 
for the purpose of pooling water to be pumped onto the fields. Water users note their declining access 
to water resources in the Lower riparian regions as well as the lower value they see in the Jhikhu Khola 
because of the pollution and its diminishing water supply (Box 8). Key informants note the ‘first come, 
first served’ nature of water resources in the catchment and the lack of governance and equity around 
its distribution. 
 
Box 8: The views of key informants as well as upstream and downstream water users on how water 
availability changes longitudinally in the catchment. The interviews show that people are changing their 
water source to groundwater in response to over extraction in the Jhikhu Khola. 
KII #1 
By the time you get to the bridge by the road there is almost no water left, people dig the river bed 
out and make a trench just for getting the water out. So, the effect of change has already been seen 
and most of the natural springs have almost dried up. 
 
KII #1 
There is no particular mechanism for water governance, the upstream users take water according to 
their demand and they do not care about the needs of downstream. So there is a big question around 
who should manage these resources. 
 
Water user #28 – Lower riparian water user 
We use the well now because there is not enough water in the river and it is polluted 
 
Water user #27 – Lower riparian water user 
For both drinking water and irrigation water it is difficult compared to the past. We are now using 
water from the bore 
 
Water user #30 





4.4.4 Groundwater and surface water 
Access to groundwater and surface water varies spatially within the Jhikhu Khola catchment. Water 
users that cannot divert the Jhikhu Khola through dams and canals to their land and Lower riparian 
users who have no water to extract rely on groundwater sources for irrigation (Box 9). Shallow wells 
and tube wells are common in peri-urban and urban areas as drinking water sources. As more wells are 
built there has been a shift from using wells only as a drinking water source to additionally utilizing 
them in the dry season for irrigation. Water users and key informants responded that the Jhikhu Khola 
alone did not provide sufficient water for irrigation, so they switched to groundwater when necessary 
or permanently. 
Box 9: Water user and key informant comments on the concomitant use of surface water and 
groundwater in the Lower riparian region and throughout the catchment. The comments indicate that 
shortages of water have necessitated the development of wells and bores to supplement the dwindling 
supply of surface water. 
KII #2 
In this area people are using underground water for drinking. Deep boring and wells are commonly 
used here in this area.  In the hills people bring water from far through pipes. There are no other 
sources for drinking water. For the field, there is the Jhikhu Khola, but this river is not sufficient for 
all the farmers.  
 
Water user #2 
We sometimes have to use the groundwater to irrigate the land because the water from the Jhikhu 
Khola is not enough (in the dry season) 
 
Water user #25 
We have the Jhikhu Khola which I used once for irrigation. After I used boring water because there 
is not enough in the river. 
 
4.5 Hill Region Water Resource Concerns 
The majority of people in the Hill regions have no access to the water in the Jhikhu Khola because there 
is a lack of infrastructure or it is too costly to pump it uphill (Figure 4.18 and Figure 4.19). Instead, they 
rely solely on groundwater resources for drinking water and rainfall for irrigation (Figure 4.20). After 
the 2015 earthquake in Nepal water users reported that access to natural springs decreased. As water 
users could traditionally depend on natural springs for water there are less wells built in the hill regions. 
During the dry seasons after the earthquake water users responded that there was an acute water shortage 
(Figure 4.20). Part of the problem is that the limited number of wells or access points to water create a 
water economy where people pay for access to water (Figure 4.20). On the valley floor people could 
pay to access water in the morning and at night. In the hill regions water scarcity is so acute and the 
cost of water is so high that many people can only afford to fill their water containers for one hour per 




Figure 4.18: The Hill regions in the Jhikhu Khola catchment do not have access to surface water, 
instead they utilise groundwater sources. Many natural springs have dried up after the 2015 
earthquake. Water users that previously relied on springs are now paying other people to access their 
groundwater supplies. 
 
Figure 4.19: The location of the Hill region in the Jhikhu Khola catchment. The Hill region is 





Figure 4.20: The issues identified by water users in the Hill region of the Jhikhu Khola catchment. 
The Hill region has the most inaccessible water resources in the catchment because of the reliance on 
groundwater. 
 
4.5.1 Water quality in the Hill regions 
Water sources in the Hill regions wells of the Jhikhu Khola catchment are generally less contaminated 
than the mid-section, urban area and Lower riparian regions (Table 4.11). The area is less populated 
and predominantly contains subsistence-based agriculture. The E. coli and total coliforms are still above 
the WHO water quality guidelines but they are considerably less than other sites. The nitrate (<0.1 mg 
L-1), ammonium (<0.2 mg L-1) and total phosphorus (<0.3 mg L-1) occur at lower concentrations 
compared to other sites and show how agricultural practices are a strong control on water quality within 
the catchment (Table 4.11). As one of the more pristine sites in the catchment the water quality variables 
measured at the Hill region sites can form the basis for determining the influence of land use practices 
on other sites by comparing their increased variables. 
 
Table 4.11: Environmental and human health variables from sampling three well sites in the Hill 
region of the Jhikhu Khola catchment. 
 T  SPC  EC  pH FNU NO3  NH4  TP  
Total 
Coliforms  
E. coli  
 (°C) µS cm-1   mg L-1 CFU per 100 mL 
Site 1 23.1 173.7 166.8 7.8 1.2 0 0.2 0.3 106 46 
Site 2 18.7 180.3 167.9 7.7 2.6 0 0.2 0.3 440 176 
Site 3 19.2 234.8 212.4 7.6 3.3 0 0.1 0.2 1200 248 
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4.5.2 The water economy 
The water economy in the Jhikhu Khola catchment refers to the cost of access to water and how it varies 
spatially and temporally. For people without wells in the Jhikhu Khola their access to water is limited 
by the number of hours of access they can afford to buy from other well owners. Typically, people pay 
to have water access for a set period of time in the morning and at night during which they fill their 
water containers (Box 10). In areas where there is a water shortage the water may be so expensive that 
they can only fill their containers for one hour per week. This phenomenon was most common in the 
hill region because of the inability to access the Jhikhu Khola and the reduced access to groundwater as 
many natural springs dried up after the 2015 earthquake. On the flat land where there is the dual use of 
water resources, key informants stated that the demand for agricultural produce was the variable that 
had changed the most over time (Figure 4.20). Additionally, increased water use for hygiene in urban 
areas had also induced pressures on water resources and therefore the cost. 
Box 10: Water users noted the limited time they have to access drinking water and that they have to go 
upstream for irrigation water. Both are limited by electricity and kerosene as fuel for the pumps. Key 
informants talked about the changing water consumption for sanitation and hygiene as well as the 
changing demand for agricultural products that are linked to access through the Araniko Highway. 
Water user #22 
During the dry season the Government controls the time of water access to 2 hours in the morning 
and evening. We pay per unit of water (75–150 per unit depending on the amount).  
 
KII #3 
Water consumption has also increased related to hygienic use. This has created water scarcity and 
water conflicts, sometimes people are selling water springs to people don’t have it. Sometimes it has 
created conflict other times it has created water trading. It is an emerging issue in rural areas.  
 
Water user #1 
The drinking water comes 2 hours a day in a 0.5-inch pipe and the amount depends on how much 
you can collect it. It does not come during the load shedding time. 
 
Water user #35 
To get water for irrigation we have to spend all night pumping. Sometimes we go upstream to get 
water because there is none near our land 
 
Water user #11 
We use the pump to bring water from the river to the fields for irrigation. 
 
4.5.3 Water user concerns in the Hill regions 
According to key informants and water users limited access to drinking water has led people to buy 
water from others who have access to groundwater sources. For irrigation water people use kerosene 
pumps to extract water from the Jhikhu Khola and pump it onto their fields. In many cases people pay 
for access to water from other water users or VDC bores. When water users do not pay or have differing 
views on water ownership it can create conflict (Box 10). 
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4.5.4 The effect of Nepal’s earthquake on water resources 
Water users recognised that the earthquake in 2015 has decreased their access to natural springs because 
many have dried up. This phenomenon had a greater impact in the hill regions of the Jhikhu Khola 
because they were the traditional source of water and cannot be easily supplemented with water from 
the Jhikhu Khola (Box 11). Some water users had noticed that the water quality had also deteriorated 
after the earthquake (Box 11). Some households have been able to build wells to access groundwater in 
the hill regions but others have to travel increasing distances to find a communal source of water. 
Box 11: Water user’s comments on how their access to groundwater changed after the 2015 earthquake 
and how it had varying impacts on water quality. 
Water user #29 
The earthquake affected our sources of water. Before there were many different sources available. 
The quality has not been affected after the earthquake. 
 
Water user #41 
We had a natural well until the earthquake. On the day of the earthquake our well dried up. We have 
had to use deep boring since. Now the water tastes so bad, it is a yellowish colour. 
 
Water user #14 
There are less sources of water than before. All of the natural wells have dried up. 
 
4.6 Catchment Wide Results and Comparisons 
4.6.1 Rainfall and its relationship to water resource availability 
The large variation in the amount of rainfall each year is related to the changing arrival and end of the 
monsoon. Climate data is recorded in three locations, at Panchkhal, Dhulikhel, and Nagarkot by Nepal’s 
Department of Hydrology and Meteorology (Figure 4.21). Monsoonal rainfall occurs during five or six 
months of the year, but for the rest of the year there is very little rainfall (Figure 4.22). The mountainous 
head of the catchment receives double the amount of rainfall during the peak of the monsoon compared 
to the flat valley floor (Figure 4.22, Figure 4.23 and Figure 4.24). The comments in the key informant 
interviews (Box 12) indicate that there is a lack of data to clearly define the link between a changing 
climate and water availability. It is also difficult to separate changing water use practices to improve 
hygiene and crop growth with changing rainfall patterns when explaining the decreasing water 
availability. They also emphasise the difficulties that erratic rainfall patterns and extended droughts 




Figure 4.21: The location of weather stations in the Jhikhu Khola catchment (the Nagarkot weather 
station is located slightly north of the catchment boundary). 
 
 
Figure 4.22: The large variation between minimum, mean and maximum precipitation at Panchkhal 




























Figure 4.23: The total precipitation, average maximum temperature and average minimum 
temperature at Panchkhal during 2016. 
 
 
Figure 4.24: The average monthly precipitation between 2006 and 2016 at the Panchkhal, Nagarkot 
and Dhulikhel gauges. 
 
4.6.2 Changing water availability 
Key informants discussed how the shortage of water that people face is related to changing water use 
for sanitation and hygiene as well as increasing irrigation demands. The variable precipitation patterns 
in the catchment also reduce the availability of water. Due to a lack of data it is difficult to separate 








































































Box 12: Key informant comments on the availability of water in the catchment and how both changing 
water use and variable precipitation cannot be easily separated as the root cause of water scarcity. 
KII #1 
On the valley floor there is a problem with drinking water availability, people have 3 or 4 deep wells 
that only supply water at fixed times during the day. So the crises people experience increases and 
people realise this but it is down to two things, you have the climate change but on the other hand 
you have increasing demand for resources and it can be hard to separate these issues. 
 
KII #1 
The rainfall patterns are changing and the water resources available for agriculture are declining. 
The springs are drying up in the dry season, we do not have the data on these changes but through 
talking to local people we can hear that there used to be water available at some springs but now 
there is none. They also say that the rainfall is erratic, sometimes arriving late other times it is very 
high density. It is a complicated system so we cannot accurately predict where we will end up. 
 
4.7 Longitudinal Patterns in Total Recoverable Surface Water Heavy 
Metals 
The riverine water quality in surface water heavy metals varies downstream in the Jhikhu Khola (Figure 
4.25). The concentrations of aluminium and iron are closely linked to the turbidity of the surface water 
as shown by the results of the Spearman’s rho correlation test (Table 4.12). Aluminium and iron have 
statistically significant and strong positive correlations with turbidity (Figure 4.25). Both aluminium 
and iron appear to respond to increases or decreases in stream velocity, resulting in elevated or 
decreased turbidity measurements (Figure 4.26 and Figure 4.27). The sulphur concentration gradually 
increases (from 1.1 to 2.5 mg L-1) moving downstream from the accumulated contributions of riparian 
neighbours (Figure 4.27). After the urban area of Panchkhal the concentration of sulphur increases 
sharply (> 1.4 mg L-1), which show how communal water sources in an area of water scarcity can 
become polluted when individuals use it to dispose of their waste. In this situation it is likely the by-
product of the waste from sulphur-based pesticides. The other metals; manganese, strontium, barium, 




Figure 4.25: The longitudinal variations in surface water total recoverable heavy metals and turbidity 
moving longitudinally down the Jhikhu Khola. 
 
 
Table 4.12: The spearman rho coefficient and p-value of the correlation between heavy metals and 
FNU. 
 Spearman rho 
coefficient 
p-value 
Aluminium 0.643 0.001 
Iron 0.623 0.002 
Manganese -0.222 Not significant 
Strontium -0.557 0.006 
Barium 0.086 Not significant 
Sulphur -0.048 Not significant 
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Figure 4.26: Longitudinal variations in total recoverable aluminium concentrations within the Jhikhu 
Khola. 
 





4.8 The Characteristics of Surface Water and Groundwater within the 
Jhikhu Khola Catchment 
4.8.1 Surface water 
The surface water E. coli and total coliforms concentrations were above the WHO guidelines at all 
measured sites in the Jhikhu Khola (Table 4.13). All other elements were below WHO guidelines, but 
a few sites had nitrate and total phosphorus concentrations that could be detrimental to environmental 
health. The metal concentrations were generally low with many below detection limits. There was a 
considerable increase in the total recoverable metal concentrations compared to the dissolved metal 
concentrations. Aluminium’s surface water median dissolved concentration was 0.02 mg L-1, while its 
median total recoverable concentration was 0.463 mg L-1 (Table 4.13). The same trend was seen in the 
median dissolved iron concentration (below detection) and the median total recoverable iron 
concentration (0.590 mg L-1) (Table 4.14). The median sulphur concentration was consistent between 
the dissolved (1.280 mg L-1) and the total recoverable (1.183 mg L-1) measurements (Table 4.14). 
 
4.8.2 Groundwater 
The E. coli and total coliform groundwater concentrations were also above the WHO guidelines. The 
nitrate and total phosphorus concentrations were lower than the surface water concentrations, while the 
median turbidity (9.5 FNU) was higher (Table 4.13). Groundwater is generally suitable as a source of 
irrigation water but because of the pathogens found in it, it is unfit as a source of drinking water. It 
suggests that there is exchange between the surface water and groundwater. The groundwater dissolved 
metal concentrations were higher than the dissolved surface water concentrations. Arsenic was 
consistently low in both dissolved and total recoverable metal measurements. Aluminium and iron again 
had higher total recoverable concentrations but there was less difference between dissolved and total 
recoverable values compared to the surface water. The groundwater dissolved (2.207 mg L-1) and total 
recoverable (2.052 mg L-1) median sulphur concentrations were nearly double the surface water 
concentrations (Table 4.14). 
4.8.3 Comparison between surface water and groundwater water quality variables 
The Mann Whitney test was used to statistically check the significant differences between the median 
surface water and groundwater water quality variables. It is concerning that the concentrations of E. 
coli found in surface water and groundwater is not significantly different as groundwater is used for 
drinking water by many people (Table 4.14).  Soil and lithology related variables were elevated in 
groundwater, such as FNU, aluminium, iron, manganese and sulphur. However, these were only 
apparent in the dissolved metal concentrations and not the total recoverable metals. For example, the 
dissolved groundwater manganese, which is a component of schist has a concentration of 0.032 mg L-1 
86 
 
in groundwater but was below detection level in surface water (Table 4.134). These variables show the 
greater interaction between groundwater and lithology, that alongside less dilution results in higher 
groundwater metal concentrations. In contrast, the surface water had higher concentrations of total 
recoverable metals, which indicates that there is considerable erosion in the catchment, metals bind to 
suspended sediment and the velocity high enough to transport it downstream (Table 4.14). Chromium, 
lithium, lead and zinc were below detection levels in dissolved metal concentrations. 
 
Table 4.13: Summary of the median surface water and groundwater environmental and human health 
variables. 
 Temp SPC  EC  pH FNU NO3  NH4  TP  
Total 
Coliforms  E. coli  
 (°C) (µS cm-1)   (mg L-1) (CFU per 100 mL) 
Surface water  20.2 194.2 175 7.7 2.0 BDL 0.2 0.3 1144 171 
Groundwater  19.2 285.3 256.2 7.5 9.5 BDL 0.2 0.2 440 136 
Diff* Y Y Y Y Y N N N Y N 
*Statistically significant difference between surface water and groundwater at the p=0.05 level 
 
Table 4.14: Summary of the median surface water and groundwater dissolved and total recoverable 
metals. SW = surface water, GW = groundwater. 
 Concentration (mg L-1) 
 Al As B Ba Cr Cu Fe Li Mn Ni Pb S Se Sr V Zn 
 Dissolved Metals 
SW  0.002 0.002 0.002 0.018  BDL BDL  BDL BDL  1.28 0.004 0.091 0.002  
GW  0.093 0.001 0.000 0.073  0.050 0.130  0.032 0.001  2.20 0.001 0.124 0.001  
Diff.* Y N N Y  Y Y  Y Y  Y Y N Y  
Total Recoverable Metals 
SW  0.463 0.001 0.009 0.020 0.001 0.001 0.590 0.004 0.116 0.001 0.001 1.183 
 
0.088 0.002 0.004 
GW  0.064 0.001 0.005 0.079 0.01 0.002 0.235 0.003 0.044 0.001 0.001 2.052 
 
0.122 0.001 0.005 
Diff. Y N N Y N Y Y N Y N N Y 
 
Y Y Y 
*Statistically significant difference between surface water and groundwater at the p=0.05 level 
 
4.9 The Response of Suspended Sediment to a Pre-Monsoon Storm 
Suspended sediment in the Jhikhu Khola is strongly linked to land use and the high mobility of solids 
after rainfall. The agricultural land use in the catchment was divided into two types; upland, sloping 
agriculture and intensive agriculture on flat land. During low flow conditions when there has not been 
significant rainfall suspended sediment levels are low (Figure 4.28). The exception was a site in 
Dhulikhel Khola close to where a road was being constructed. The suspended sediment found in 
groundwater was elevated due to the well design, where it is likely that the well walls are not completely 
sealed. The response to a pre-monsoon rainfall event can be seen on the three graphs (Figure 4.28). All 
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sites show an elevated suspended sediment response twelve hours after the rainfall event during the 
rising limb of the hydrograph and a comparative decrease thirty-six hours later on the descending limb 
of the hydrograph. Groundwater samples were taken 12 hours after the pre-monsoon and had higher 
turbidity levels than before the storm according to the water users. Outside of storm events the 
suspended sediment is low enough to not affect water users adversely but the land use practices within 
the catchment increase the amount of suspended sediment during storms. 
 
 
Figure 4.28: The response of suspended sediment (mg L-1) to a pre-monsoon storm. Measurements 
were taken at low flow before the storm as well as twelve and thirty-six hours after the storm. 
 
4.10 Water Management 
The characteristics identified above show how complicated and interconnected water resources and 
human utilisation are in the Jhikhu Khola catchment. The majority of people who were interviewed 
within or outside the Jhikhu Khola catchment were aware of water management issues (Box 13). While 
action on catchment wide management is limited there are initiatives to reduce singular aspects. For 
example, strategies to reduce sickness through limiting open defecation and either banning dangerous 
pesticides or reducing the volume of application are being implemented. However, concerns over water 
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quality typically take a back seat to water quantity issues (Box 13). Often people are apprehensive about 
testing water quality because they do not want to find out that their only source of water is unsuitable. 
Box 13: Key informants and water users stated that they there was not much water quality. The quantity 
of water that was supplied was the main concern to people within the catchment. 
KII #2 
There are organization working to get more water sources. But they are not working for the water 
quality. They only focus on water availability. 
 
Water user #2 
We are not aware of the quality generally. What we care about is the quantity of water and the 
utilisation of it. 
 
The governance of water resources has been limited by political uncertainty in Nepal. There has been a 
lack of continuity and development on water management strategies that recognise changing 
agricultural practices, increased demand for water and uncertain supply. The cost of management is 
also an issue where the local Village Development Committee does not have the means to effectively 
manage water resources (Box 14). Many are working with NGOs who have more resources to develop 
bores, wells and water storage infrastructure (Box 14). 
Box 14: Key informants note that the provision of water resources is a major issue in Nepal. The lack 
of resources available at a local level for the municipalities to develop and manage water is a key issue. 
At present municipalities are working with NGOs and development agencies to construct water related 
infrastructure. 
KII #5 
The provision of water resources is a major issue here in Nepal. Many waterways are not protected 




The municipality doesn’t have resources. They need to coordinate with the multiple non-
governmental organizations. These organisations are under the municipality supervision.  
 
 
Water user #4 
There is no water distribution in effect; whoever can take the water is allowed to. 
 
 
While water users were all aware of water quality and water quantity issues there was no observable 
action by the collective group (Box 14) The change to water resources that are used by the community 
from the shift in agricultural practices, urban expansion and a growing population were also recognised 
by water users but they were unwilling to individually change their practices (Box 14). The fundamental 
importance that water resources have in relation to livelihoods in the catchment and the relatively unique 
situation of the Jhikhu Khola suggests that a common pool resource regime may be appropriate in this 
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context. The VDC’s lack of funding for technical interventions provides credibility to the idea of a local 
solution. 
4.11 Summary of Results 
The Jhikhu Khola catchment has distinct longitudinal variations in water quality and water user’s 
perceptions of water resources. The water quality is strongly linked to the land use type, with the Mid-
catchment area that has combined peri-urban and intensive agricultural land use having the highest 
concentrations of contaminants. All sites had faecal coliform contamination, of particular concern is 
that contamination was also present in groundwater sites that are used as drinking water sources. The 
influence of geology and soil on the concentration of heavy metals were seen through high levels of 
aluminium, iron, manganese and strontium in total recoverable metal concentrations. 
The interviews with water users show how their concerns vary between regions of the catchment. Lower 
riparian users are concerned with the immediate supply of drinking water and conflict over water, while 
Mid-catchment water users focus on the lack of water for irrigation. The hill regions have issues with 
the cost of water as they have a lack of infrastructure to supply water after the 2015 Nepal earthquake. 
Key informants recognise that there are a lack of effective water management strategies and that 
agricultural practices regarding fertilisers and pesticides are having considerable impacts on the water 
quality of the catchment. The following chapter will discuss these results in greater detail in relation to 







The results in the previous section indicate that water users have significant concerns around access to 
water, seasonal shortages of water and the potential for future issues relating to poor water quality. 
These issues in the Jhikhu Khola have physical, social and economic drivers, which are exacerbated by 
the lack of water management. The interconnected nature of these issues is seen through the multiple 
uses of water that stem from the intensification of agricultural practices and expanding urban areas. It 
is therefore important to understand these variations in access to water resources and the controls on 
water quality contamination as a basis for designing management regimes. The suitability of analysing 
water as a common pool resource is examined based on the physical characteristics of the resource, 
heterogeneity among water users and the introduction of new technology. 
The evaluation of the current state of water resources in the Jhikhu Khola catchment and the drivers of 
the issues that are identified begins in Section 5.1. This analysis continues until Sections 5.7 and 5.8 
which shift the focus to an examination of how the concept of common pool resources could be applied 
to the catchment and how it could assist future management strategies. The benefits of cooperation 
between water users and the barriers to this approach are also explored. The implications of this research 
are discussed in Section 5.11. 
 
5.1 Water resources in the Jhikhu Khola catchment 
Chapter four highlights how surface water is appropriated for irrigation use through in-channel dam 
structures, gravity-fed canal systems, and diesel pumps. Additionally, it is also used for bathing and 
washing clothes, as well as cremation. It is distributed and utilised at a first-come, first-served basis that 
results in severely depleted water resources downstream. Groundwater is accessed by wells built on 
privately owned land; however, well owners share the reservoir of water in the aquifer. 
As a result, the majority of water users in the Jhikhu Khola catchment experience a shortage of water 
that is severe during the dry season. They also face declining water quality from the unmanaged 
intensification of agriculture and population growth in urban areas exceeding infrastructural capacity. 
Groundwater has been developed as an alternative source of water but it is not immune to issues of over 
extraction or pollution. The physical, social and economic processes that control access to water and 
sources of contamination have resulted in inequalities between water users. These power relations have 
manifested as both physical structures in the catchment or as more conceptual boundaries that separate 
water users based on their access to water and exposure to contamination. Understanding the unequal 
access to water resources in the catchment is central to common pool resource management. 
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Another important aspect that was highlighted in the results chapter is that in the Jhikhu Khola 
catchment, the distribution and demand for surface water is determined locally by the topography but 
is also influenced by the global scale monsoon. The flat land on the valley floor has the highest demand 
for the consumptive use of water from the dual use of surface water for multiple crop rotations and 
urban sanitation and hygiene. However, it also receives the least rainfall of the catchment because of its 
low topography, with an annual average of 200 mm less than the higher altitude rain gauges (see: Figure 
4.24)  
Many water users were aware of climate change as a concept and often attributed their decreased access 
to changing monsoon patterns (Box 9). Previous studies in the Jhikhu Khola catchment found that 
annual rainfall between 1976 – 2000 was 1235 mm, while the PARDYP project from 1993 – 2000 
found a very similar result at 1226 mm (DHM, 2000; Nayava, 2004). In comparison the data from the 
Department of Hydrology and Meteorology from 2006 – 2016 was 926 mm, which is 25% less annual 
rainfall than previous studies (DHM, 2018). The decrease stems from the drought that the catchment 
experienced from 2004 – 2009, which is perhaps indicative of future climate patterns (Dixit et al., 2009). 
Additionally, rainfall patterns show an increased intensity over a shorter period of time, which makes 
rainfall more difficult to utilise (Malla, 2008). Combined with the greater impacts of increased water 
demand from the intensification of agricultural practices and population pressures, surface water is 
viewed as being an unreliable source (Box 5). 
To alleviate water shortages, water users, and to a lesser extent the local VDC, have built groundwater 
wells and bores. The development of wells and bores is a recent phenomenon and as a result there are 
flaws in their design that have consequences for water quality. Within the Jhikhu Khola catchment, 
Dongol et al. (2004) describes how only a few shallow dug wells in 1998 had increased to over 100 
wells by 2002. Groundwater is predominantly used for household consumption but is additionally used 
to supplement the irrigation of crops in areas that do not have access to surface water. Consequently, 
the aquifer is being overdrawn with well owners complaining that the construction of additional wells 
on adjacent properties decreases the water level in their well. Water users that do not have access to 
groundwater, for a variety of reasons, are at a distinct disadvantage compared to those that do. The topic 








5.2 What is the Current Status of Water Resources in the Jhikhu Khola 
Catchment and what are the Drivers of the Issues that were 
Identified? 
Water resources in the Jhikhu Khola catchment have been depleted from over extraction and 
contaminated from a range of sources. As was evident from the results presented in Chapter Four, the 
drivers of these processes can be broadly categorised into physical, social and economic sections. The 
basement geology and soil types as well as the attributes of water resources refer to the physical nature 
of the catchment. Economic factors drive the consumptive extraction of water from surface water and 
groundwater but also translate into the over the application of pesticides and fertilisers and their effects 
on water quality. Social views and practices have created issues that are related to improper waste 
disposal and the unrecognised link between surface water and groundwater resources.  While the drivers 
of water extraction and water contamination can be broadly categorised, it should not inhibit the 
recognition that they are all inter-related and connected. Clearly, then, a combination of physical, social 
and economic drivers has resulted in inequalities between water users that can also be viewed as power 
relations. The causes of these changing relationships between water users is also explored. 
 
5.3 Physical Controls on Water Resources 
5.3.1 Heavy metals 
One way that human interactions and the natural setting can be linked in the context of water quality is 
seen in Figure 4.25 which shows the change in iron, aluminium and sulphur concentrations 
longitudinally. The main source of iron and aluminium are from highly weathered clays or red soil that 
is predominantly found on hillslopes. The soils are the products of kaolinite weathering and are classed 
as ultisols (Brown et al., 1999). The hills in the Jhikhu Khola catchment are predominantly used for 
forestry because the red soil is less productive for many crops (Brown et al., 1999). The forestry on the 
hills is part of the traditional agro-forestry system of farming in the Jhikhu Khola. It is used as a source 
of firewood, building material and fodder for livestock. As a result of increasing demand for these 
resources, there is less organic matter returning to the soil, making it more susceptible to erosion (Brown 
et al., 1999).  
The higher concentration peaks of iron and aluminium (as illustrated in Figure 4.25) are where 
anthropogenic dams have changed the morphology of the Jhikhu Khola. The low gradient above the 
dam creates a pool where there is low water velocity. The majority of the iron and aluminium is in 
particulate form that settles out in the low velocity. Aluminium is a major constituent of many rock 
forming minerals, that include feldspar, mica, pyroxene and amphibole (Salminen et al., 2005). The 
high aluminium concentrations in the Jhikhu Khola catchment stem from the high concentrations of 
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feldspar and mica in the dominant schist lithology (Grapes and Watanabe, 1994). The sites where 
aluminium was higher than the WHO guidelines (Appendix J) of 0.9 mg L-1 were at sites where the 
riverbed had been excavated and considerable evaporation had occurred, concentrating the aluminium. 
The aluminium concentrations above 0.9 mg L-1 increase the risk of Alzheimer’s disease but as this 
water was not consumed the risk is minimised (WHO, 2017). However, high aluminium concentrations 
could be toxic to plants as the water is pumped out onto the fields (Rout et al., 2001). Stumm and 
Morgan (1996) report a median concentration of 11 μg L-1 in European surface waters, which 
demonstrates how elevated the aluminium levels are in the Jhikhu Khola catchment. 
Iron is similar to aluminium in surface water in that it has a low solubility and higher concentrations 
are found in more acidic water (Salminen et al., 2005). The iron concentration in the Jhikhu Khola is 
not at a level that is harmful to human health but may create an unpleasant taste, or appearance. Water 
users also complained that their clothes may become stained when washing them in the river, with iron 
being the likely cause (Box 1). Particulate iron may also build up in pipes, reducing flow and adding 
maintenance costs (Sarin et al., 2001). 
The lithology of the catchment is a contributor to the sulphur concentrations that are found in the water. 
In surface water, sulphur typically exists as the sulphate ion (Salminen et al., 2005). Common silicate 
minerals including feldspar, mica and pyroxene that are present in the schist within the Jhikhu Khola 
catchment have significant amounts of sulphur in the range of 20 to 500 mg kg-1 that enter the water 
through erosive processes (Garrels and Naeser, 1958; Salminen et al., 2005). Another source of sulphur 
can come from atmospheric deposition (Lahermo et al., 1994). Areas where there are significant 
industries, such as the brick firing kilns around Kathmandu that rely on combustion, can emit significant 
amounts of sulphur dioxide (Lahermo et al., 1994). As a result, rainfall can act as a conduit of sulphur 
ions. In these conditions the sulphate concentrations of rainwater are around 10 mg L-1 (Salminen et al., 
2005). While the sulphur concentration is high, it is not a human health risk at these levels (WHO, 2017) 
(Appendix J). 
 
5.3.2 Suspended sediment 
The Middle Hills region of Nepal is known for high rates of erosion because of its steep topography 
and loosely consolidated soils (Carver and Nakarmi, 1995; Bookhagen, 2010). The rates of erosion are 
increased by anthropogenic factors such as agricultural terracing, road development and vegetation 
clearance (Merz et al., 2006; Brasington and Richards, 2000; Andermann et al., 2012). The high rates 
of erosion translate into elevated suspended sediment loads that are most prominent during pre-
monsoon storms (Brasington and Richards, 2000). The high suspended sediment levels during and after 
high rainfall events reduces the ability of farmers to utilise the high flows for irrigation purposes because 
of the potential build-up of silt. One of the mechanisms that local farmers use to reduce the effect of 
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high rates of sedimentation is to block off their canals from the Jhikhu Khola during storm events to 
prevent them being filled with sediment. 
The impact of pre-monsoon storms on suspended sediment levels was illustrated in Figure 4.28. At low 
flow, where there had been no significant rainfall during the dry season, the suspended sediment levels 
were below 20 mg L-1 in undisturbed conditions. However, the site up the Dhulikhel Khola (a tributary 
of the Jhikhu Khola) was considerably elevated from nearby road construction. Roads can concentrate 
the flow of water, inducing Hortonian overland flow which, increases the transportation of suspended 
sediment. There is also the down-slope movement of excavated material from road construction. A 
study by Merz et al. (2006) within the Jhikhu Khola catchment found that the impact of road 
construction was estimated to increase sediment yield per annum by a range of 300 to 500 percent. 
At 12 hours after the pre-monsoon storm the suspended sediment levels were highest with up to 40 mg 
L-1 measured. The conditions that produced the spike in suspended sediment was the high intensity 
rainfall and the dry soil from low rainfall during the dry season. Combined with the agricultural 
practices in the catchment there is a complicated series of interactions that explain suspended sediment 
levels in the Jhikhu Khola. A study by Carver and Nakarmi (1995) within the Jhikhu Khola catchment 
found that 50–90% of the annual soil loss from rainfall occurs during two pre-monsoon storms. 
However; it was found that the rainfall intensities do not vary significantly between storms, instead the 
high rates of erosion at this time were attributed to the vulnerability of soil conditions to erosion after 
the dry season (Carver and Nakarmi, 1995). The erosion of soil is undesirable for local agriculture as 
losing the topsoil with the monsoon reduces the potential growth of crops. 
At 36 hours after the pre-monsoon storm the suspended sediment levels had decreased significantly to 
9 and 18 mg L-1 at the Dhulikhel and confluence sites (Figure 4.28). The higher suspended sediment 36 
hours after the pre-monsoon storm in the upper Jhikhu Khola location compared to the low flow 
conditions is likely from the delayed response of a larger drainage basin. Brasington and Richards 
(2000) found that approximately 40 percent of the storms that they analysed in Middle Hills had a 
turbidity (as an analogue for suspended sediment) peak after the flow peak. Their explanation of this 
relationship is that there was a significant sediment source distant from the zone of major runoff 
generation. Carson (1985) offers a slightly different explanation in that erosion is transport limited at 
the start of the monsoon because of the ready supply of dry, friable sediment after nine months of 
drought. Both of these explanations for the continuation of elevated suspended sediment levels in the 
Jhikhu Khola are plausible. More research is needed to determine the exact source and transport 
mechanism of suspended sediment in this setting. 
Groundwater suspended sediment samples were taken 36 hours after the pre-monsoon storm. It was 
evident that the groundwater suspended sediment concentrations had been altered by the rainfall, 
although it is unclear whether this occurred through surface water recharge or contamination from 
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surface water around the wells. Well owners had water that was collected before the pre-monsoon storm 
that was visually clear and had a low turbidity compared to water from the well after the storm, which 
was opaque and had a higher turbidity. Higher turbidity clearly indicates poor well construction. 
Consequently, well owners have temporal variations in their water quality that may cause the 
groundwater to become unsuitable for consumption after storms. Due to the lack of alternative water 
sources, many have to continue using the contaminated water. 
 
5.4 Social Controls on Water Resources 
5.4.1 Human interactions with water 
Chapter Four clearly demonstrated that the expansion of urban areas and the intensification of 
agricultural practices in the Jhikhu Khola both have a significant effect on water quality. Agricultural 
intensification has led to the prevalence of algal blooms occurring along the stream bed and banks, and 
likely develops because of the high nutrient inputs to the Jhikhu Khola (Figure 5.1). There is also a loss 
of biodiversity from the high application of pesticides and the improper disposal of pesticide residues. 
Water users commented that the Jhikhu Khola used to be a source of fish for them but they are no longer 




Figure 5.1: Algal blooms in the Lower riparian region of the Jhikhu Khola catchment. 
 
In addition to water quality issues from agricultural intensification, the expansion of urban areas has 
created water supply pressure that stems from an increasing population within the catchment and 
changing water use for sanitation and hygiene. The unreliable seasonal variations in the quantity of 
water in the Jhikhu Khola, combined with poor water quality, has led to the development of wells for 
the extraction of groundwater in the catchment. Well development is particularly noticeable in the urban 
area of Panchkhal, partly because of the topography, where it sits above the Jhikhu Khola making supply 
difficult but more importantly to supply the growing population. The impact of the increased population 
and expansion of well extraction is that more water is being withdrawn from the groundwater resource, 
with little oversight of how much water is being used, whether it is exclusively for domestic use, or 
whether it is also being increasingly used for irrigation. The ramifications of this trend are that 
continued, unregulated development of groundwater extraction may lead to a decline in water tables, 
and a reduction in water supply for some wells. 
The most significant results of the water quality sampling for both surface water and groundwater was 
that E. coli was found at every site. It indicates that there is faecal contamination from humans and 
animals entering water sources. Of particular concern are the high E. coli and coliform counts in 
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groundwater wells that are typically used as household water supplies for consumption and sanitation. 
There is a general perception from water users that the groundwater water quality is safe for them to 
drink because they cannot see the pollution in the water body; this is unlike the Jhikhu Khola where 
pollution is very apparent. The hidden nature of E. coli show that perceptions of water quality are not 
always valid and can cause serious health issues. 
There are likely to be two main causes of well contamination. The first is that there is insufficient 
infrastructure for sanitation and hygiene such as toilets, wastewater systems and treatment, so that 
poorly handled waste is seeping into the groundwater resource. The second is that well design, 
installation, or on-going maintenance is insufficient because it does not stop the infiltration of surface 
water that could potentially expose users of groundwater to contaminated water. These two factors are 
inter-related in that the lack of infrastructure and maintenance exacerbates the potential for 
contaminated surface water to enter groundwater. Additionally, acute water shortages may force 
households to economise water by lowering standards of hygiene or washing up which may in turn lead 
to bacteriological contamination causing diarrheal or other diseases. 
The persistent presence of faecal matter and E. coli in the water quality of both surface and groundwater 
resources indicates that water users are at a high risk of waterborne diseases. The study by Dongol et 
al. (2005) in the Jhikhu Khola found similar results with all shallow groundwater wells contaminated. 
Their analysis of total coliforms and E. coli indicated that counts were between 20–1800 CFU; and 
there was no apparent spatial pattern of contamination. However, there was a temporal pattern of higher 
contamination levels measured in the pre-monsoon and monsoon time periods. Unsurprisingly, the 
increased surface water during these time periods acts as a vector for coliform movement into well sites. 
Poor sanitation systems around the wells, open defecation and the poor construction of wells were 
similarly considered to be the main causes of contamination (Dongol et al., 2005). 
While the Jhikhu Khola is not directly used for drinking water, the presence of E. coli and total coliforms 
still have important implications. People who use the river for bathing, swimming, and washing are at 
risk of infection from waterborne diseases (Kulshrestha and Sharma, 2006) (Figure 5.2). The use of 
irrigation water that is contaminated with E. coli for agriculture is also a potential risk as bacteria can 
accumulate in leafy crops (Geldreich et al., 1964). It has also been found that faecal coliform bacteria 
can survive in soil when there are favourable conditions (Smith et al., 1985; Hardina and Fujioka, 1991; 
Byappanahalli and Fujioka, 1998). These sources of faecal coliforms increase the potential for the crops 
to cause cryptosporidium outbreaks that are seen throughout the world (Robertson and Gjerde, 2001; 




Figure 5.2: The Jhikhu Khola is used for bathing, washing clothes and as a place for children to play. 
 
5.5 Economic Controls on Water Resources 
5.5.1 Pesticides 
The high use of pesticides in the Jhikhu Khola catchment is a response by farmers to the higher value 
of cash crops compared to subsistence-based agriculture (Raut et al., 2011; Dahal, 2010; Dahal et al., 
2008). Farmers use pesticides to ensure that their investments into seeds, fertilisers, irrigation and labour 
to grow their crops are protected from diseases and pests (Shrestha and Neupane, 2002). However, weak 
enforcement as well as a lack of knowledge on pesticide disposal and application has led to adverse 
effects in the environment and human health (Dahal, 2010; Atreya, 2007; Atreya, 2008). 
It has been demonstrated in other contexts that a lack of knowledge on appropriate pesticide applications 
is a key issue (Atreya, 2007). In this study, the majority of farmers interviewed admitted that they did 
not know the optimal amount of pesticides that should be applied or how to read conditions that are 
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conducive for plant diseases (Box 3 and Figure 4.6). When interviewing sellers of pesticides, which 
were numerous in Panchkhal, they said that many customers would copy their neighbour’s pesticide 
use. Thus, it is easy to see how the spread of misinformation occurred. Figure 4.6 describes this 
phenomenon, with three to four plus applications of pesticides making up 75% of pesticide applications 
from farmers that were interviewed. Farmers also commented that they felt compelled to use the same 
amount of pesticides as their neighbours because if they did not their crops would be susceptible to 
disease or not protected. Thus, while there are teaching programmes and technical schools that are run 
by the Ministry of Agriculture to improve farmer’s knowledge, the lack of strong regulations and 
farmer’s unwillingness to adhere to these regulations are barriers to change (Atreya, 2008). 
A common type of pesticide used in the Jhikhu Khola catchment are sulphur-based powders that are 
applied to the plant. The high application of pesticides results in pesticide residue contaminating the 
soil and being transported into the Jhikhu Khola though erosive processes. The increase in surface water 
sulphur concentrations is particularly noticeable in the lower region of the Jhikhu Khola. This is due to 
the Jhikhu Khola being the only source of water that is readily available for all to use in this part of the 
catchment. The higher sulphur concentration is also related to the lack of dilution in the lower reaches 
because the Jhikhu Khola water level is so low that there is barely any flow between trenches.  
Disposing of pesticide residue is also an issue because many farmers are washing their pesticide packets 
and spraying containers in the Jhikhu Khola. Indeed, when taking water samples, it was a common sight 
to see discarded pesticide packets in the water or on the bank, especially below Panchkhal where water 
is scarce and there are fewer sources of communal water. The direct input of pesticides from the disposal 
of packets and runoff from fields has reduced the biodiversity of the catchment. It also affects people 
who bathe in the Jhikhu Khola who complained that they became itchy after washing. As was found in 
previous studies and among the respondents of this study, the process of applying pesticides was 
reported to cause headaches because of improper application methods (Atreya, 2008). To reduce the 
use of chemical pesticides the Government of Nepal has been advocating the use of jholmal5, which is 
an organic pesticide. However, the use of jholmal has decreased because it requires a considerable time 
and monetary investment to make (Rao et al., 2007). 
 
5.5.2 Fertilisers 
Fertilisers in the Jhikhu Khola catchment are predominantly used on flat land in the Mid-catchment 
region (Merz et al., 2003). Due to the high cropping intensity of three or four crops per year there is 
often no fallow period for the soil to regenerate soil biota, rebalance soil nutrients and break crop pest 
cycles (Merz et al., 2004). The chemical composition of the basement lithology (predominantly schist) 
 
5 Jholmal is an organic pesticide that is made by mixing animal urine and plants 
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results in an area that is naturally deficient in phosphorus. Chemical fertilisers are used specifically to 
address deficiencies in nitrate and phosphorus that are essential for plant growth (Dahal et al., 2007). 
The higher rates of fertiliser application in response to the change in crop intensity combined with the 
focus on nitrate-based fertilisers has led to eutrophication in surface water. The increased nutrient 
availability has led to algal growth that is visible in low flow regions of the Jhikhu Khola. These regions 
are prevalent above dams. Areas of eutrophication are essentially dead zones where there is low oxygen 
availability, high temperatures and a non-functioning ecosystem. The dry season has the highest 
incidence of eutrophication because of the low flow conditions. During the pre-monsoon and monsoon 
seasons the algae is washed away and the nitrates are diluted by high rainfall. 
Nitrates are also found at high levels in groundwater wells from the infiltration of contaminated surface 
waters. It is particularly easy for the urban water sources to be contaminated because much of the Mid-
catchment region is peri-urban. In these regions of the catchment there is no division between the 
location of groundwater wells as a water source for human consumption and the application of fertilisers 
in adjacent fields. Nitrate levels have serious implications for the future of groundwater as a water 
resource that is used for human consumption. It is likely that the use of fertilisers will continue to 
increase in response to Nepal’s growing population, which may lead to cases of methemoglobinemia 
(blue baby syndrome6). 
Clearly, then, while the Government of Nepal’s Agricultural Perspective Plan policy on fertiliser 
subsidies has been successful in allowing small farmers to increase their production, the increased 
applications have had an adverse effect on environmental conditions. The eutrophication of surface 
waters and the high nitrates in groundwater show how interconnected the agricultural system and water 
resources are in the Jhikhu Khola catchment. To manage these effects there needs to be a balance 
between short term crop growth and the long-term preservation of natural resources. 
5.6 How Water Quality Has Changed Over Time 
In comparison to other studies of water quality in the Jhikhu Khola catchment that were conducted 10 
– 20 years ago, there has not been a considerable change in water quality (Table 5.1). The implication 
of these results is that water quality is still an area that needs addressing. As many of the sources of 
these water quality contaminants are diffuse in nature and have multiple sources there needs to be a 
systems-based approach rather than policies targeting one aspect. Many water users are limited to one 
source of water, indicating that more emphasis should be placed on ensuring that these meet water 
quality standards and are safe for consumption. The interlinked nature of water resources must be 
 
6 Blue baby syndrome is caused by excess nitrates in water changing haemoglobin to methemoglobin, 
decreasing the level of oxygen in blood. 
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recognised as it currently appears acceptable to pollute surface water that is inextricably linked to 
groundwater through processes of recharge. 
 
Table 5.1: Water quality variables compared to previous studies in the Jhikhu Khola (refer to 
Appendix J for WHO water quality guidelines). 
Water quality variable This study (2018) Merz et al. (2004) 
Phosphorus 0–4 mg L-1 0–0.6 mg L-1 
Nitrate 0–4 mg L-1 0–5 mg L-1 some 5–10 mg L-1 
Turbidity Above WHO guideline after rainfall Above WHO guideline 
Eutrophication Common downstream and adjacent to 
intensive agriculture 
Common downstream 
Faecal coliforms All sites above WHO guidelines All sites above WHO guideline 
 
 
5.7 Inequalities Between Water Users 
The variations in access to water and the quality of that water have led to areas of the Jhikhu Khola 
catchment that are disadvantaged. Some of these inequalities are through the physical characteristics of 
the catchment, such as the difficulty of the hill regions in accessing groundwater because of the 
underlying low permeability geology. Others have social and economic drivers that have caused regions 
to have lower access to water and increased levels of pollution. Many of these issues are caused by the 
over-extraction of water in upstream regions of the catchment. As a result, downstream areas have less 
income potential because they cannot effectively grow crops with insufficient water and face issues 
related to social capital because of the competition for water resources. The most significant control on 
downstream water resources are the dam systems that divert water into canals for agricultural irrigation. 
 
5.7.1 Water appropriation through dams 
The majority of dams are located in mid-section of the catchment, where they divert water from the 
Jhikhu Khola onto the adjacent agricultural land (Figures 4.10 and 4.11). The dams form a low gradient 
section in the river bed, where water pools and is diverted to the fields by canals. As the canals are built 
below the water level, water movement is gravity-fed so that there is a constant flow of water onto the 
fields. One canal can provide water to a number of landowners with a few exceeding one kilometre in 
length. The water is typically distributed onto fields using level bench terraces but kerosene or diesel 
pumps are also used where the water level is too low. 
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The constant diversion of water onto the fields, even in low flow conditions, means that dams have a 
considerable impact on the distribution of water throughout the catchment. The dry riverbed that occurs 
downstream is a direct consequence of upstream water extraction that relies on the presence of in-
channel dams as a key part of any successful water management. The impact of the dams extends to 
water quality where there are changes as water moves from the low velocity pool through the dam to 
the high velocity stream below. Dams were found to change the concentrations of nitrates, turbidity and 
heavy metals; most notably, aluminium and iron in particulate form (Table 4.7 and Figure 4.25). 
However, the most significant influence of dams in terms of water quality is the reduced effect of 
dilution that is most noticeable in Lower riparian regions. 
There is a noticeable water volume decline between upstream and downstream locations of the Jhikhu 
Khola. There are substantial flows in upstream locations near the head of the catchment but these are 
not seen in the lower reaches of the catchment below Panchkhal. Downstream from Panchkhal the water 
left in the river bed barely covers people’s feet because it is so low (Figure 5.3). Farmers have resorted 
to excavating the river bed to let the water pool during the dry season so that it easier to pump onto the 
fields. The excavation of the riverbed has disrupted the channel and flow of water so that in many 




Figure 5.3: The Lower riparian region of the Jhikhu Khola. Pumps are used in place of canals because 
of the low water levels during the dry season. 
 
5.8 Common Property Regimes and Barriers Within the Jhikhu Khola 
Catchment to Implementation 
The previous sections identified the inequalities in water accessibility and exposure to contaminated 
water sources. It is apparent that all people within the catchment rely on water resources but they do 
not have a framework, or institutions, to secure their rights. Therefore, a common property regime is 
perhaps a fitting style of resource management for the Jhikhu Khola catchment. Research on common 
pool resource theory and practice recognise there are a number of factors that can act as barriers to 
implementation (Saunders, 2014). These typically arise from interactions between people and require 
increased institutional complexity or additional costs for monitoring to solve (Wilson, 2004). Within 
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the Jhikhu Khola there are two significant elements that are worth discussing. The first is the number 
of diverse actors that are using water resources, which has been termed heterogeneity. The second is 
the reduction of social capital through the introduction of new technology. 
The benefits of a common pool resource system are realised when an externality creates a situation 
where individual actors are adversely affected by community actions (Adams et al., 2003). It is most 
visible in natural resources where the quantity available is less than the desired use. The typical situation 
caused by the shortage of resources is that there is a logical incentive to appropriate as much of the 
resource as possible when it is available, without consideration of others (Ostrom et al., 1994). This 
phenomenon is described as a Prisoner’s Dilemma situation in Game Theory, where individuals may 
not cooperate even though it is in their best interest to do so (Schlager, 2002). When individual needs 
are followed, the collective benefit within the community is often less than if resources were distributed 
proportionally. 
Wade (1988) describes this situation in unmanaged irrigation systems as a ‘syndrome of anarchy’ where 
farmers lack the confidence that if they refrain from taking water out of turn, they will receive water on 
time. This phenomenon is seen in the Jhikhu Khola catchment through the upstream dam diversions 
that result in a dry riverbed in Lower riparian regions. There is also an incentive once management 
practices are in place that alter the distribution of resources to break the rules to receive a comparative 
advantage over those following the rules. The incentive to break rules may vary temporally in response 
to changing conditions. In the Jhikhu Khola catchment this is especially important during the prolonged 
dry season when water shortages are widespread. Thus, there is a need for strong social and cultural 
bonds between individuals and within institutions to successfully manage common pool resources. 
 
5.8.1 Heterogeneity 
In the Jhikhu Khola, inequality between water users is predominantly in the form of water access. Water 
users who have access to wells on private property have year-round access to a water supply, while 
those without wells have to share communal water sources. Access to water or the lack of it has readily 
apparent flow-on effects. Water users in the Lower riparian regions have increased exposure to pollution 
because of the lack of dilution and limited water sources. They are also more likely to pollute the Jhikhu 
Khola because they do not have adequate water for sanitation and hygiene. Thus, there is an increased 
risk of waterborne diseases. Moreover, the lack of water reduces their income from agriculture as they 
do not have enough water for irrigation and are locked into spending considerable time collecting water 
(Box 10). Additionally, Lower riparian regions have reduced social standing when developing water 
management because upstream extraction has limited connections to Lower riparian regions. The 
physical characteristics of the catchment that create differential access to water are therefore reinforcing 
social and economic heterogeneities among water users. 
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It is difficult to determine the exact effect of heterogeneity on the implementation of a common property 
regime in the Jhikhu Khola catchment. It is clear that it would add significant complexity to institutional 
design when trying to accommodate differing views and values. With this in mind, heterogeneity in the 
Jhikhu Khola is seemingly a hindrance to the management of common pool resources. Of particular 
concern are the differences between upstream and downstream water users as there is limited ability to 
generate social connections between them (explored further in Section 5.8.3). 
In some cases, heterogeneity can be overcome by the commonality of salient issues that resource users 
face. In the Jhikhu Khola catchment all water users stated that they were concerned about a shortage of 
water now, or in the future (Table 5.2). Other studies have found that this can form the basis of 
successful management (Weber, 1998; Weber, 2003). Despite the consistency of issues identified 
between physically distinct areas, the lack of action in the Jhikhu Kola indicates that heterogeneity 
between water users is a factor that restricts the development of management systems and salient issues 
are not enough to generate cooperative regimes. 
Table 5.2: The primary and secondary water user concerns of four distinct regions within the Jhikhu 
Khola catchment (2018). 
Region Primary concern Secondary concern 
Mid-catchment Scarcity of water in the future Lack of water for irrigation 
Panchkhal Acute drinking water shortage now Scarcity of water in the future 
Lower catchment Scarcity of water in the future Conflict over water 
Hill region Acute drinking water shortage now Water economy 
 
The assertion that heterogeneity is a barrier to cooperative management is supported by the results of 
Merz et al. (2004), who did catchment-wide interviews in the Jhikhu Kolka (356 respondents) on issues 
that water users faced. In that study, thirty-three percent of water users responded that the quantity of 
irrigation water available to them was their greatest concern. The study identified that the intensification 
of agricultural practices as the main reason for water supply constraints. Comparing the results from 
the study by Merz et al. (2004) with data from interviews taken in 2018 show that there has not been a 
substantive change in the concerns of water users over that time. However, it is likely that these issues 
are now more acute in the Hill regions, Lower riparian regions and peri-urban regions because of the 
unequal access to groundwater development. At the same time, despite these long-standing shared 






5.8.2 Social transformation in the Jhikhu Khola and institutional complexity 
 
The displacement of people after the 2015 earthquake in Nepal and the reshaping of social environments 
creates additional complexity between resource users in the Jhikhu Khola catchment. The 2015 Gorkha 
earthquake in Nepal is estimated to have displaced 8 million people in the Middle Hills and High 
Mountain regions of Nepal (Molden et al., 2016; He et al., 2018). The earthquake impacted the 
livelihoods of many farmers due to the damage of crop lands and infrastructure (He et al., 2018) As the 
Jhikhu Khola catchment is primarily flat land, the effects of the earthquake were less severe, which 
prompted many displaced people from the surrounding area to move there for work (Box 6). The people 
who have been displaced and moved to the Jhikhu Khola catchment have fewer social connections to 
other existing resource users, very few historical rights to resources and restricted agency in changing 
their access to resources. 
In conjunction with the movement of displaced people from nearby hill villages, the social make-up of 
households has also changed, as young men emigrate to other countries for better work opportunities 
and higher incomes (Seddon et al., 2010). One of the effects of this phenomenon has been a feminisation 
of agriculture, where women are now frequently the head of the households (Gartaula et al., 2010; 
Tamang et al., 2014). Women have different traditional roles in agriculture and water collection to men, 
which has changed how resources are valued (Upadhyay, 2005; Meinzen-Dick and Zwarteveen, 1998). 
For example, it is traditionally the women’s role to collect household water for the family (Cleaver, 
1998b).  
Many studies from other geographic contexts have shown that as the accessibility of water declines 
from increasing demands and changing land use, women have to walk further to collect household water 
(Cleaver, 1998). The increasing time spent collecting water is a significant issue for women but it differs 
from men who are more focused on irrigation water for the growth of their crops. Moreover, as more 
men emigrate for work opportunities outside of Nepal the comparative economic value of water as a 
common pool resource decreases as remittance payments are received (Balasubramanian and Selvaraj, 
2003). Furthermore, the viable option to emigrate as an exit strategy also reduces the reliance on 
common pool resources for their livelihood and may reduce the community value of the resource 
(Dayton-Johnson and Bardhan, 2002).  
Additionally, as seen in many Southeast and South Asian countries, land ownership is small and 
fragmented, debatably reducing the efficiency of production but certainly creating complexity in 
community management designs (Niroula and Gopal, 2005). Land fragmentation has a range of causes 
in Nepal, many of which are evident in the Jhikhu Khola catchment. High populations and low incomes 
create a scenario where there is demand for productive land (especially on uncommon flat land in the 
Middle Hills) but incomes only provide for the purchase of small sections of land (Brown and Shrestha, 
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2000). Fragmentation is an ongoing process as inherited land is split between the sons of the land owner. 
A study by Thapa and Weber (1990) in Nepal found that the average land holding size of 0.75 hectares 
had been fragmented into an average landholding size of 0.19 hectares during the 1990s. Landholding 
size varies from 0.5-1 hectares in the Jhikhu Khola catchment (Figure 4.8). 
The implications of these social processes in the Jhikhu Khola are that designed institutions for water 
management have to be adaptable to shifting social settings and values. Institutions need to recognise 
and provide a voice for people who are entering the catchment because of displacement or migration 
purposes. Frameworks for management should also take into account the changing values of water 
users, including change over time due to traditional gender roles in water use, emigration and the 
movement of people from rural to urban areas. The number of small land owners adds additional 
complexity and necessitates the need for coordination. 
 
5.8.3 Technological change in the Jhikhu Khola catchment 
A key issue that was identified in the Jhikhu Khola catchment, that is also prevalent in many other 
basins, is how to link the upper riparian water users with the Lower riparian water users. The water 
users in Lower riparian regions of river basins are always dependent on the cooperation of the upper 
riparian water users but the reverse is not always true (Lam, 1996). Examples of cooperation between 
upper riparian and Lower riparian water users usually relate to situations where it is beneficial for both 
groups to work together (Lam, 1996; Wade, 1988). Within the context of linking water users together 
as a way of creating more equitable water access, the unintended consequences of technological change 
are a relevant aspect to explore in the Jhikhu Khola catchment. 
Contestation over the utilisation of water resources is often treated as a technical issue that can be solved 
with the right approach. However, it is clear that technological change has profound effects on social, 
cultural and economic connections. Indeed, there is a strongly interactive relationship between water 
resources and social systems around which communities and societies build networks and norms of 
reciprocity (Pimentel et al., 1997). Mustafa and Qazi (2007) use the term social capital to describe these 
relationships between water users. In their case study of traditional karez water systems in Pakistan, 
they recognise that the transition from one resource regime to another can erode trust between water 
users. Therefore, the change in water distribution systems and social relationships that determine access 
to water and the water management systems that strengthen or weaken geographies of power (Franks 
and Cleaver, 2007). These effects are often unrecognised or undervalued but they have important 
implications for water rights and local institutions. 
The typical expansion of irrigation systems through technological designs may improve conditions 
initially but is likely to encounter problems in the future. Technological changes to water systems are 
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often implemented in a vacuum and lack the application or adaption of management systems 
(Balasubramanian and Selvaraj, 2003). Therefore, once the new technology has been introduced, 
distribution often reverts to those with older claims to resources or more power within the community 
(Smith, 2008). The changes to social structures, traditional management and economic inputs from 
water projects may weaken the institutional basis for subsequent management strategies (Mustafa and 
Qazi, 2007). 
The adoption of private coping mechanisms has serious implications for community management, such 
as common pool resource regimes, as the ability to access new sources of water may reduce the care of 
communal water supplies (Balasubramanian and Selvaraj, 2003). The same change in water user’s value 
of water resources can be seen in the Jhikhu Khola. The recent development of groundwater tube wells 
has created an alternative water source for water users and there is subsequently less value placed on 
preserving surface water resources. Groundwater is used by households and for irrigation water, 
especially when there are drought conditions before the monsoon. It is therefore a reliable and 
convenient source to access. During interviews with water users there was a sense that the Jhikhu Khola 
was valued to a lesser extent because of its highly variable volume, poor water quality and distance 
from the majority of households (Figure 5.4 and Box 7). In contrast, groundwater wells were highly 
valued and seen as a safe source of water (Figure 5.4 and Box 5). 
 
Figure 5.4: The contrast in water use and water values between surface water and groundwater in the 
Jhikhu Khola catchment. 
The differences in perspectives between the surface water and groundwater resources are partially 
driven by their properties as hidden and flow resources (Schlager et al., 1994). Groundwater as a hidden 
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resource cannot be easily viewed by water users, so there is a lack of visual information on the quantity 
and quality of the resource. Groundwater from wells within the catchment is subsequently more likely 
to be perceived as a safe and reliable source of water. In comparison, the Jhikhu Khola is easily visible 
to all resource users. Water users can readily discern the changes in the quality and quantity of surface 
water, while also attributing changes to these characteristics to upstream users. Due to the groundwater 
access points being on their property, owners of wells are likely to feel more secure in their control over 
water contamination. However, the lack of visual information and the access points on private property 
increases the risk that groundwater is over extracted. 
The link between groundwater and surface water was poorly understood by water users in the 
catchment. The groundwater sources were viewed as safe by water users but there was no connection 
between their actions causing pollution in surface water and how it flowed to their groundwater sources. 
The hyporheic zone is probably the most important pathway for contaminants in this setting because of 
the low surface water levels during the dry season (Hancock et al., 2005). During a short-term timescale 
there is also the inflow of surface water to groundwater because of the inadequate design of wells. It is 
difficult to accurately assign the mode of pollution in groundwater but the water quality variables 
indicate that there is not a significant difference between the groundwater and surface water 
measurements. E. coli and coliforms were found in both surface water and groundwater at comparable 
levels, while turbidity levels were higher in groundwater, which pertains to the design of the well (Table 
4.13). 
It is clear that the technological development of wells within the catchment has reduced the value of 
surface water resources for owners of groundwater wells. Owners of tube wells have an alternative 
source of water to surface water that they see as being independent of the pollution and over extraction 
in the Jhikhu Khola. Consequently, the Jhikhu Khola is viewed as more disposable, as seen by the 
washing of pesticide containers and clothes in it. However, not all water users have access to private 
groundwater sources and these people have become more disadvantaged as the Jhikhu Khola becomes 
more polluted. They are instead reliant on communal water sources or on purchasing water from owners 
of groundwater wells. Many have adopted coping strategies, such as migration and non-agricultural 
employment (Balasubramanian and Selvaraj, 2003). The different values placed on the surface water 
resource of the Jhikhu Khola and the uneven access to tube wells as a result of the technological 
development has reduced the capacity for joint upstream and downstream management. 
The technological changes that have impacted social capital in the Jhikhu Khola catchment can be 
positioned in relation to the theory of basin development described by Sakthivadivel and Molden 
(2002). The three stages of basin development can be seen as infrastructure development, utilisation 
and allocation. The building of groundwater wells is an infrastructural development of a previously 
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under-developed resource. The Jhikhu Khola catchment can generally be described as in the 
infrastructure development stage, with a few areas of improvement to utilisation.  
The key point to make here is that the availability of water resources in the Jhikhu Khola periodically 
fluctuates with the monsoon. During the dry season the Jhikhu Khola shifts to the allocation phase as 
there is the re-allocation of water to different sectors but reverts back to plentiful water resources during 
the monsoon. During the dry season water resource allocation and institutions involved in its design 
would face significant pressure from water users that contemplate breaking agreements. 
The Jhikhu Khola catchment does not currently have significant rules in place regarding the allocation 
of water but it can be argued that through the technological changes to aspects of infrastructure and 
utilisation there is reduced capacity for future management systems. The reduced capacity stems from 
the decrease in social capital between water users as they have developed private sources of water and 
less community engagement through these technological changes. 
In relation to common property regimes it is apparent that the typical path of basin development, that 
leaves issues of allocation and management until after the infrastructural development phase is 
detrimental to the formation of effective water institutions. In the Jhikhu Khola this issue is visible 
through dams that divert significant water onto agricultural fields and groundwater wells that offer an 
alternative source of water. Designing water management around pre-implemented infrastructure adds 
significant complexity, especially in the Lower riparian regions of basins. While the development of 
technological changes and infrastructure increase water accessibility in the short term, if they are not 
implemented carefully, they are long term barriers to effective management. 
 
5.9 Surface Water, Groundwater and Water Quality as Common Pool 
Resources 
In light of the conditions found in the Jhikhu Khola, the physical characteristics of surface water, 
groundwater and water quality have implications for their effectiveness as a component of a common 
property regime. Surface water has the most potential to be managed as a common pool resource 
because its condition is visible to all water users. As people have been using the Jhikhu Khola for a 
considerable length of time, there is extensive local knowledge that can be harnessed to assist 
management. Therefore, there is the potential to manage the resource solely through local institutions. 
The issue of asymmetrical access to water between upper and Lower riparian users is the most 
challenging issue to overcome. It is clear that any agreement between upper and Lower riparian water 
users involves the generation of social capital and cooperation that needs to be strong enough to the 
withstand the stresses that the dry season imposes on water users. 
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Groundwater and water quality as common pool resources face difficulties with a solely local 
institutional framework because of the technical and costly nature of assessing the resource. There are 
a few knowledge gaps to consider here; such as the lack of data on the temporal variations of 
groundwater levels and water quality that reduces the ability to empirically monitor conditions. 
Additionally, local people lack the expertise and knowledge to assess these aspects of water resources 
themselves. The study by van Steenbergen (2006) found that groundwater management in Panjgur 
(Pakistan) and Nellore (India) was successful without formal institutions through locally enforced 
norms of behaviour. However, there was an upper limit to the effectiveness of norms of behaviour 
because groundwater resources cannot simultaneously sustain both universal access and population 
pressures. 
As shown by the results of this thesis, the key aspect that is not currently adequately recognised by 
stakeholders in the Jhikhu Khola is that there are strong links between groundwater and surface water, 
in terms of both quantity and quality. While the management of groundwater and water quality face 
some challenges it is important to persevere as these aspects of water are all inter-related. Currently the 
contamination of water resources is excluding a large proportion of water from utilisation, in a region 
where it has a significant effect because of temporally low water availability. The likely interaction with 
outside agencies to monitor groundwater and water quality raises questions about the interface of local 
management and national water policies. It is important that the management framework at a local scale 
is recognised by the Government of Nepal so that local people can make meaningful decisions about 
the resources they rely on. 
5.10 Iterative Adaption and Success in Common Property Regimes 
The heterogeneity of actors, shifting relationships in society and the introduction of new technology are 
considerable barriers to common property regimes in the Jhikhu Khola. While salient issues were 
identified between water users; most notably the shortage of water during the dry season, it is unlikely 
that there are any short-term resolutions to these problems. The development of common property 
regimes through endogenous and exogenous processes is an important point to make in this setting. 
Common pool resources that are endogenously created have been through numerous iterations of 
failure; some for hundreds of years, before they arrive at a system that is successful (Sarker and Itoh, 
2001). Indeed, it is a considerable weakness of exogenously created regimes that are placed into 
situations without an institutional history and are expected to be successful in a short time period 
(Snidal, 1994; Ostrom, 1992). There is some capacity for institutional bricolage in the Jhikhu Khola 
catchment as lessons can be taken from the management of forestry that is also a common property 
regime. However, it should also be acknowledged that because groundwater and water quality are 
hidden resources, there are limits on how much of the same insights of forestry management can 
potentially be adapted to the intricacies of water governance in the Jhikhu Khola. 
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At a broader scale, common property regimes are undergoing rapid and extensive changes stemming 
from increasing pressures on resources from expanding populations, shifting land and changing national 
level governmental policies. It is also clear that economic, historical, political, social, cultural and the 
physical context play a significant role in how conditions for sustainable common pool resources are 
generated and evolve. Community management options face high coordination costs to be able to 
integrate the multiple uses of resources together so they can effectively communicate their water 
resource concerns. Other examples of collaborative resource management have had success by 
attempting to discover and build upon common ground among diverse interest groups to reduce 
competitive and adversarial conflict between resource users (Weber, 1998; Weber, 2003). 
 
5.11 Implications (Results and Management) 
As population and the demand for food increases in Nepal, the trend of agricultural intensification will 
spread. The problems that come from the over-extraction of water resources, the contamination of water 
resources and the disparities related to the unequal distribution of resources are likely to be seen around 
the Kathmandu Basin and in other Middle Hill locations. 
The conditions and complexity of the catchment are comparable to issues that will be faced at the larger 
basin scale. It highlights the importance of designing management systems that are suited for local 
conditions, rather than simply applying a broad framework. Indeed, a major lesson from the Jhikhu 
Kola case study is that care must be taken to acknowledge the case specific aspects of the study. 
A combination of the design principles and a diagnostic approach are useful for implementing 
management of common pool resources. Even if it is not applied through policy the heuristic value of 
identifying which aspects make up long standing, sustainable common property regimes and which 
characteristics are sources of complexity in implementation are valuable. When applying these matters 
to other settings, a careful balance between acknowledging the case specific aspects and recognising 
common themes should be taken. 
While water quality variables vary significantly between catchments based on the underlying geology 
and adjacent land cover, the effects of agricultural practices are easier to transpose to other catchments. 
The Jhikhu Khola catchment has high intensity agricultural practices, such as multiple applications of 
fertiliser and pesticides. Concomitantly, the expansion of urban areas has also influenced water quality. 
If other catchments have these processes occurring within them, then it is possible to say that they will 









The Jhikhu Khola catchment represents a catchment undergoing both social and physical 
transformations, with water as the nexus of these changes. This thesis has identified that to understand 
the complexities of water resource management in a catchment such as the Jhikhu Khola, a mixed 
methods approach is essential. The thesis has demonstrated the applicability of this approach through 
the utilisation of quantitative and qualitative methods that allow a holistic view of water resource issues. 
The limited timeframe of the research may focus the concerns of water users and heighten the 
concentrations of water quality observations. Due to the complicated nature of land use, agricultural 
practices and changing urban water use it is difficult to identify the source of contaminants, which is a 
limitation of the study. Comparing the results to other measurements conducted in the same catchment 
has shown that there is congruency between water quality results. The concerns of water users are also 
similar, which indicates that conditions have not changed significantly. 
The aim of this study was to investigate the current state of water resources in the Jhikhu Khola 
catchment, with a focus on water quality, and see how these align (or not) with the perceptions of water 
users. Based on these findings, options for water management were explored. Specifically, the key 
outcomes of this research identified that: 
 
- Every site was contaminated with faecal coliforms and E. coli. The most concerning aspect was 
that groundwater wells that are used for household consumption were consistently 
contaminated by the presence of micro-pathogenic bacteria, but water users continue to 
consider the wells as a safe source of drinking water. 
 
- Overall, water chemistry indicates intensive agricultural practices are having an impact on 
water quality. In particular, suspended sediment, nitrate and sulphur concentrations were 
elevated and associated to agricultural production. The high application of fertilisers and the 
runoff from adjacent fields accounts for the nitrate. Sulphur has a range of sources, such as a 
rock signature and atmospheric deposition, but the strongest control is likely to be the sulphur-
based pesticides that are used by farmers. Elevated concentrations of aluminium and iron are 
natural signatures of soil but their concentrations are elevated because of high rates of erosion, 





- Access to water resources vary spatially within the catchment. It was found that upstream water 
users are generally concerned with the future of irrigation water availability because of 
monsoon variability. In contrast, the Lower riparian water users were concerned with their 
immediate future as the riverbed was dry in some areas and had to be excavated and pumped 
out onto the fields. Panchkhal and the Hill regions both had unique issues with access to 
groundwater. There were disparities between Panchkhal water users in that some had access to 
multiple wells on their property and felt secure, while others did not own a well and had to rely 
on communal sources of water. In the Hill region the majority of water users relied on buying 
groundwater from other people as the drying up of natural springs after the earthquake had 
severely limited their access to water. Some could only afford to buy water for one hour per 
week. 
 
- Water users lacked an understanding of the interconnected nature of the contaminated Jhikhu 
Khola surface water and the groundwater wells. Water users did not see the link between the 
pollution of the Jhikhu Khola and their groundwater wells through recharge. In relation to this 
finding, the introduction of groundwater as an alternative source of water has been detrimental 
to the water quality and quantity of the Jhikhu Khola as it is seen as a disposable source of 
water that is not vital to livelihoods for those with access to groundwater. For those without 
wells the Jhikhu Khola is unreliable and polluted, which reduces their income potential. Access 
to water sources has a strong link to social disparities within the catchment. 
 
- The complicated spatial variability of water resource issues in the catchment has implications 
for how effective a common property regime would be in the Jhikhu Khola. The heterogeneity 
of actors increases the complexity of institutional designs and while the recognised water 
shortage is a salient issue between water users it may not be enough to generate cooperation. 
The development of groundwater as an alternative supply to surface water also makes it difficult 
to generate agreements between upper and Lower riparian water users because the Jhikhu Khola 
is valued to a lesser degree and is seen as disposable. 
 
- Water quality and groundwater as aspects of common property regimes face challenges to 
management because of the hidden nature of the resource and the high cost of obtaining 
information. These constraints indicate that partnerships with governmental agencies is 





Overall, water sources, such as surface water and groundwater, are generally unsuitable for 
consumption because they are contaminated with E. coli levels above the WHO guidelines. The E. coli 
contamination is linked to the lack of infrastructure for sanitation and hygiene in the catchment. 
Although the water quality measurements show it is not currently a human health issue, the high levels 
of nitrate-based fertilisers that are applied within the catchment may become a health issue in the future. 
At present it has caused eutrophication in surface water environments but significant concentrations of 
nitrate in groundwater is cause for concern for future use, particularly, if the water quality continues to 
degrade through poor maintenance and management. The design of wells needs to improve to reduce 
levels of turbidity from surface inflow or seepage between the concrete rings that make up the wall of 
the wells. 
Water availability varies significantly spatially; depending on the demand from water users and their 
adjacent land use, their position in the catchment and the infrastructure available to them. There is a 
need for upstream and downstream links between water users to create effective water management 
outcomes. Looking at the issues faced in the Jhikhu Khola catchment through a common pool resource 
regime may provide an avenue for local management to be developed. However, it is an extremely 
complex situation, where there are many new people who have been displaced by the 2015 earthquake 
or are searching for employment, entering the catchment. Combined with the changing utilisation of 
technology and agricultural practices there is a lack of social capital between water users even though 
they all face salient issues. The findings of this thesis have reinforced the need for interdisciplinary 








Aase, T.H. and Chapagain, P.S., 2005. Nepali agriculture in crisis. Studies in Nepali History and 
Society, 10(1), pp.39-56. 
Acharya, K.P., 2002. Twenty-four years of community forestry in Nepal. International Forestry 
Review, 4(2), pp.149-156. 
Adams, W.M., Brockington, D., Dyson, J. and Vira, B., 2003. Managing tragedies: understanding 
conflict over common pool resources. Science, 302(5652), pp.1915-1916. 
Adger, W.N., 2000. Social and ecological resilience: are they related? Progress in Human Geography, 
24(3), pp.347-364. 
Adhikari, B., Williams, F. and Lovett, J.C., 2007. Local benefits from community forests in the middle 
hills of Nepal. Forest Policy and Economics, 9(5), pp.464-478. 
Agrawal, A. and Gupta, K., 2005. Decentralization and participation: the governance of common pool 
resources in Nepal’s Terai. World Development, 33(7), pp.1101-1114. 
Agrawal, A. and Ostrom, E., 2001. Collective action, property rights, and decentralization in resource 
use in India and Nepal. Politics & Society, 29(4), pp.485-514. 
Agrawal, A., 2001. Common property institutions and sustainable governance of resources. World 
Development, 29(10), pp.1649-1672. 
Agrawal, A., 2003. Sustainable governance of common-pool resources: context, methods, and politics. 
Annual Review of Anthropology, 32(1), pp.243-262. 
Altieri, M.A., 2004. Linking ecologists and traditional farmers in the search for sustainable agriculture. 
Frontiers in Ecology and the Environment, 2(1), pp.35-42. 
American Public Health Association., 2012. Standard methods for the examination of water and 
wastewater. Port City Press: Baltimore, USA. 
Andermann, C., Crave, A., Gloaguen, R., Davy, P. and Bonnet, S., 2012. Connecting source and 
transport: Suspended sediments in the Nepal Himalayas. Earth and Planetary Science Letters, 
351, pp.158-170. 
Anderson, P.K., Cunningham, A.A., Patel, N.G., Morales, F.J., Epstein, P.R. and Daszak, P., 2004. 
Emerging infectious diseases of plants: pathogen pollution, climate change and agrotechnology 
drivers. Trends in Ecology & Evolution, 19(10), pp.535-544. 
Atreya, K., 2007. Pesticide use knowledge and practices: A gender differences in Nepal. Environmental 
Research, 104(2), pp.305-311. 
Atreya, K., 2008. Health costs from short-term exposure to pesticides in Nepal. Social Science & 
Medicine, 67(4), pp.511-519. 
Aydin, A., 2013. Nitrites and Nitrates. Handbook of Water Analysis, p.283. 
120 
 
Baland, J.M. and Platteau, J.P., 1999. The ambiguous impact of inequality on local resource 
management. World Development, 27(5), pp.773-788. 
Balasubramanian, R. and Selvaraj, K.N., 2003. Poverty, private property and common pool resource 
management: the case of irrigation tanks in south India. SANDEE, Kathmandu, NP. 
Baldassarre, G.D., Viglione, A., Carr, G., Kuil, L., Salinas, J.L. and Blöschl, G., 2013. Socio-hydrology: 
conceptualising human-flood interactions. Hydrology and Earth System Sciences, 17(8), 
pp.3295-3303. 
Ballance, R. and Bartram, J., 2002. Water quality monitoring: a practical guide to the design and 
implementation of freshwater quality studies and monitoring programmes. CRC Press. 
Bandyopadhyay, S., and D. von Eschen, “Village failure to cooperate: Some evidence from West 
Bengal, India” in D. W. Attwood and B. S. Baviskar (Eds.), Who Shares? Cooperatives and Rural 
Development (New Delhi: Oxford University Press, 1988), pp. 112-145. 
Bardhan, P. and Dayton-Johnson, J., 2000. Heterogeneity and commons management. In Proceedings 
of the 8th International Conference on Common Property, IASCP. Bloomington, Indiana. 
Bardhan, P. and Dayton-Johnson, J., 2002. Unequal irrigators: heterogeneity and commons 
management in large-scale multivariate research. The drama of the commons, pp.87-112. 
Bardhan, P., 1993. Analytics of the institutions of informal cooperation in rural development. World 
Development, 21(4), pp.633-639. 
Bardhan, P., 1996. Decentralised development. Indian Economic Review, pp.139-156. 
Beck, T. and Nesmith, C., 2001. Building on poor people's capacities: the case of common property 
resources in India and West Africa. World Development, 29(1), pp.119-133. 
Benson, D., Gain, A.K. and Rouillard, J.J., 2015. Water governance in a comparative perspective: from 
IWRM to a 'nexus' approach? Water Alternatives, 8(1). 
Berkes, F., Feeny, D., McCay, B.J. and Acheson, J.M., 1989. The benefits of the commons. Nature, 
340(6229), p.91. 
Bhandari, D.R., Sanjel, P.K. and Adhikari, S., 2017. Policy Review of Paddy Production in Nepal. Rice 
Science and Technology in Nepal, pp.719-736. 
Bhattarai, B., 2016. Community forest and forest management in Nepal. American Journal of 
Environmental Protection, 4, pp.79-91. 
Bhattarai, M., Barker, R. and Narayanamoorthy, A., 2007. Who benefits from irrigation development 
in India? Implication of irrigation multipliers for irrigation financing. Irrigation and Drainage: 
The journal of the International Commission on Irrigation and Drainage, 56(2/3), pp.207-225. 
Bhattarai, M., Sakthivadivel, R. and Hussain, I., 2001. Irrigation impacts on income inequality and 
poverty alleviation: Policy issues and options for improved management of irrigation systems 
(Vol. 39). IWMI. 
Binod, B.B., 2016. History of Forestry and Community Forest in Nepal. Imperial Journal of 
Interdisciplinary Research, 2(11), pp. 424-439. 
Bista, D.R., Dhungel, S. and Adhikari, S., 2016. Status of fertilizer and seed subsidy in Nepal: review 
and recommendation. Journal of Agriculture and Environment, 17, pp.1-10. 
121 
 
Bookhagen, B., 2010. Appearance of extreme monsoonal rainfall events and their impact on erosion in 
the Himalaya. Geomatics, Natural Hazards and Risk, 1(1), pp.37-50. 
Bossio, D., Geheb, K. and Critchley, W., 2010. Managing water by managing land: addressing land 
degradation to improve water productivity and rural livelihoods. Agricultural Water 
Management, 97(4), pp.536-542. 
Briscoe, J. and Malik, R.P.S., 2006. India's water economy: Bracing for a turbulent future. New Delhi: 
Oxford University Press. 
Bromley, D.W., 1991. Environment and Economy: Property Rights and Public Policy. Basil Blackwell 
Ltd. 
Brown, S. and Kennedy, G., 2005. A case study of cash cropping in Nepal: Poverty alleviation or 
inequity?. Agriculture and Human Values, 22(1), pp.105-116. 
Brown, S. and Shrestha, B., 2000. Market-driven land-use dynamics in the middle mountains of Nepal. 
Journal of Environmental Management, 59(3), pp.217-225. 
Brown, S., Schreier, H., Shah, P.B. and Lavkulich, L.M., 1999. Modelling of soil nutrient budgets: an 
assessment of agricultural sustainability in Nepal. Soil Use and Management, 15(2), pp.101-108. 
Brown, S.J., 1997. Soil fertility, nutrient dynamics and socio-economic interaction in the middle 
mountains of Nepal (Doctoral dissertation, University of British Columbia). 
Bruns, B.R. and Meinzen-Dick, R.S. eds., 2000. Negotiating water rights. Vistaar Publications. 
Bruns, B.R. and Meinzen‐Dick, R.S., 2001, February. Water rights and legal pluralism: four contexts 
for negotiation. In Natural Resources Forum (Vol. 25, No. 1, pp. 1-10). Oxford, UK: Blackwell 
Publishing Ltd. 
Bryman, A., 2006. Integrating quantitative and qualitative research: how is it done? Qualitative 
Research, 6(1), pp.97-113. 
Bryman, A., 2007. Barriers to integrating quantitative and qualitative research. Journal of mixed 
Methods Research, 1(1), pp.8-22. 
Bryman, A., 2016. Social Research Methods. Oxford University Press. 
Butterworth, J., Warner, J.F., Moriarty, P., Smits, S. and Batchelor, C., 2010. Finding practical 
approaches to integrated water resources management. Water Alternatives, 3(1), pp.68-81. 
Byappanahalli, M.N. and Fujioka, R.S., 1998. Evidence that tropical soil environment can support the 
growth of Escherichia coli. Water Science and Technology, 38(12), pp.171-174. 
Carpenter, S.R., Caraco, N.F., Correll, D.L., Howarth, R.W., Sharpley, A.N. and Smith, V.H., 1998. 
Nonpoint pollution of surface waters with phosphorus and nitrogen. Ecological Applications, 
8(3), pp.559-568. 
Carson, B., 1985. Erosion and sedimentation processes in the Nepalese Himalaya [of soil]. ICIMOD 
Occasional Paper (Nepal). International Centre for Integrated Mountain Development. no. 1. 
Carson, R.T. and Mitchell, R.C., 1993. The value of clean water: the public's willingness to pay for 




Carver, M. and Nakarmi, G., 1995. The effect of surface conditions on soil erosion and stream 
suspended sediments. Challenges in Mountain Resource Management in Nepal, pp.155-162. 
Carver, M. and Schreier, H., 1995. Sediment and nutrient budgets over four spatial scales in the Jhikhu 
Khola watershed: implications for land use management. Challenges in mountain resource 
management in Nepal: processes, trends and dynamics in middle mountain watersheds. 
ICIMOD/IDRC/UBC, Kathmandu, pp.163-70. 
Chapagain, P.S., 2006. Involution or evolution? Conceptualizing the changes in farming system of 
eastern Nepal. Tap chi Khoa hoc Viet Nam, 1(1), pp.1-10. 
Chapman, D.V. and World Health Organization, 1996. Water quality assessments: a guide to the use of 
biota, sediments and water in environmental monitoring. Cambridge University Press. 
Chigbu, P. and Sobolev, D., 2007. Bacteriological analysis of water. Handbook of Water Analysis. 
Cleaver, F., 1998. Choice, complexity, and change: Gendered livelihoods and the management of water. 
Agriculture and Human Values, 15(4), pp.293-299. 
Cleaver, F., 1998(b). Incentives and informal institutions: Gender and the management of water. 
Agriculture and Human Values, 15(4), pp.347-360. 
Cleaver, F., 2002. Reinventing institutions: Bricolage and the social embeddedness of natural resource 
management. The European Journal of Development Research, 14(2), pp.11-30. 
Cleaver, F.D. and De Koning, J., 2015. Furthering critical institutionalism. International Journal of the 
Commons, 9(1), pp.1-18. 
Conley, D.J., Paerl, H.W., Howarth, R.W., Boesch, D.F., Seitzinger, S.P., Havens, K.E., Lancelot, C. 
and Likens, G.E., 2009. Controlling eutrophication: nitrogen and phosphorus. Science, 
323(5917), pp. 1014-1015. 
Conway, G.R. and Barbier, E.B., 2013. After the Green Revolution: Sustainable Agriculture for 
Development. Routledge. 
Cook, J., Freeman, S., Levine, E. and Hill, M., 2010. Shifting course: climate adaptation for water 
management institutions. Shifting course: climate adaptation for water management institutions. 
World Wildlife Fund. 
Cox, M., Arnold, G. and Tomás, S.V., 2010. A review of design principles for community-based natural 
resource management. Ecology and Society, 15(4). 
Creswell, J.W., Hanson, W.E., Clark Plano, V.L. and Morales, A., 2007. Qualitative research designs: 
Selection and implementation. The Counseling Psychologist, 35(2), pp.236-264. 
Dahal, B.M., 2010. Agricultural intensification in a mid-hill watershed of Nepal: socio-economic and 
environmental implications. Norwegian University of Life Sciences, Ås. 
Dahal, B.M., Nyborg, I., Sitaula, B.K. and Bajracharya, R.M., 2009. Agricultural intensification: food 
insecurity to income security in a mid-hill watershed of Nepal. International Journal of 
Agricultural Sustainability, 7(4), pp.249-260. 
Dahal, B.M., Sitaula, B.K. and Bajracharya, R.M., 2008. Sustainable agricultural intensification for 




Dahal, B.M., Sitaula, B.K., Sharma, S. and Bajracharya, R.M., 2007. Effects of agricultural 
intensification on the quality of rivers in rural watersheds of Nepal. Journal of Food Agriculture 
and Environment, 5(1), p.341. 
Dayton‐Johnson, J. and Bardhan, P., 2002. Inequality and conservation on the local commons: a 
theoretical exercise. The Economic Journal, 112(481), pp.577-602. 
De Fraiture, C., Molden, D. and Wichelns, D., 2010. Investing in water for food, ecosystems, and 
livelihoods: An overview of the comprehensive assessment of water management in agriculture. 
Agricultural Water Management, 97(4), pp.495-501. 
Demsetz, H., 1967. Toward a theory of property rights. American Economic Review, 57(2), pp.347-359. 
Desakota Study Team (DST), 2008. Re-Imagining the Rural-Urban Continuum: understanding the role 
ecosystem services play in the livelihoods of the poor in desakota regions undergoing rapid 
change. Kathmandu: ISET International and ISET Nepal. 
Deutsch, W.J. and Siegel, R., 1997. Groundwater Geochemistry: Fundamentals and Applications to 
Contamination. CRC press. 
DHM, 2000. Daily precipitation records of Janakpur and Sagarmatha Zones through 1996, Department 
of Hydrology and Meteorology, Kathmandu, Nepal. 
DHM, 2018. Precipitation records from Kavrepalanchok district (2006-2016), Personal 
communication. Department of Hydrology and Meteorology, Kathmandu, Nepal. 
Di Baldassarre, G., Viglione, A., Carr, G., Kuil, L., Yan, K., Brandimarte, L. and Blöschl, G., 2015. 
Debates—Perspectives on socio‐hydrology: Capturing feedbacks between physical and social 
processes. Water Resources Research, 51(6), pp.4770-4781. 
Dietz, T., Ostrom, E. and Stern, P.C., 2003. The struggle to govern the commons. Science, 302(5652), 
pp.1907-1912. 
Dixit, A., Madhukar, U., Kanchan, D., Anil, P. and Rai, D.R., 2009. Living with water stress in the hills 
of the Koshi Basin, Nepal. Living with water stress in the hills of the Koshi Basin, Nepal. 
ICIMOD. 
Dongol, B.S., Merz, J., Schaffner, M., Nakarmi, G., Shah, P.B., Shrestha, S.K., Dangol, P.M. and 
Dhakal, M.P., 2005. Shallow groundwater in a middle mountain catchment of Nepal: quantity 
and quality issues. Environmental Geology, 49(2), pp.219-229. 
Easter, K.W. and Palanisami, K., 1986. Tank irrigation in India: an example of common property 
resource management. In Proceedings of the Conference on Common Property Resource 
Management. National Academy Press, Washington, DC. 
Easter, K.W., Rosegrant, M.W. and Dinar, A., 1999. Formal and informal markets for water: 
institutions, performance, and constraints. The World Bank Research Observer, 14(1), pp.99-116. 
Edition, F., 2011. Guidelines for drinking-water quality. WHO Chronicle, 38(4), pp.104-8. 
Edwards, V.M. and Steins, N.A., 1999. A framework for analysing contextual factors in common pool 
resource research. Journal of Environmental Policy and Planning, 1(3), pp.205-221. 
124 
 
Elshafei, Y., Sivapalan, M., Tonts, M. and Hipsey, M.R., 2014. A prototype framework for models of 
socio-hydrology: identification of key feedback loops and parameterisation approach. Hydrology 
and Earth System Sciences, 18(6), pp.2141-2166. 
England, K.V., 1994. Getting personal: Reflexivity, positionality, and feminist research. The 
Professional Geographer, 46(1), pp.80-89. 
Eriksson, M., Xu, J., Shrestha, A.B., Vaidya, R.A., Santosh, N. and Sandström, K., 2009. The changing 
Himalayas: impact of climate change on water resources and livelihoods in the greater 
Himalayas. International Centre for Integrated Mountain Development (ICIMOD). 
Evenson, R.E. and Gollin, D., 2003. Assessing the impact of the Green Revolution, 1960 to 2000. 
Science, 300(5620), pp.758-762. 
Falkenmark, M., 1997. Society's interaction with the water cycle: a conceptual framework for a more 
holistic approach. Hydrological Sciences Journal, 42(4), pp.451-466. 
Feder, G. and O'Mara, G.T., 1981. Farm size and the diffusion of green revolution technology. 
Economic Development and Cultural Change, 30(1), pp.59-76. 
Fewtrell, L. and Bartram, J. eds., 2001. Water Quality: Guidelines, Standards & Health. IWA publishing. 
Flick, U. ed., 2013. The SAGE handbook of qualitative data analysis. Sage Publishing. 
Foley, J.A., DeFries, R., Asner, G.P., Barford, C., Bonan, G., Carpenter, S.R., Chapin, F.S., Coe, M.T., 
Daily, G.C., Gibbs, H.K. and Helkowski, J.H., 2005. Global consequences of land 
use. Science, 309(5734), pp.570-574. 
Franks, T. and Cleaver, F., 2007. Water governance and poverty: a framework for analysis. Progress in 
Development Studies, 7(4), pp.291-306. 
Galvão, J.A., Matthiensen, A., Oetterer, M., Moliner-Martínez, Y., Gonzalez-Fuenzalida, R.A., Muñoz-
Ortuño, M., Herráez-Hernández, R., Verdú-Andrés, J., Molins-Legua, C. and Falcó, P.C., 2013. 
Determination of ammonia in water samples. Handbook of Water Analysis, 5(8), p.249. 
Gardner, R., Ostrom, E. and Walker, J.M., 1990. The nature of common-pool resource 
problems. Rationality and society, 2(3), pp.335-358. 
Garrels, R.M. and Naeser, C.R., 1958. Equilibrium distribution of dissolved sulphur species in water at 
25 C and 1 atm total pressure. Geochimica et Cosmochimica Acta, 15(1-2), pp.113-130. 
Gartaula, H.N., Niehof, A. and Visser, L., 2010. Feminisation of Agriculture as an Effect of Male Out-
migration: Unexpected Outcomes from Jhapa District, Eastern Nepal. International Journal of 
Interdisciplinary Social Sciences, 5(2). 
Geldreich, E.E., Kenner, B.A. and Kabler, P.W., 1964. Occurrence of coliforms, fecal coliforms, and 
streptococci on vegetation and insects. Applied. Environment. Microbiology., 12(1), pp.63-69. 
Ghimire, K., 1992. Forest or farm? The politics of poverty and land hunger in Nepal. Oxford University 
Press. 
Giordano, M. and Shah, T., 2014. From IWRM back to integrated water resources management. 
International Journal of Water Resources Development, 30(3), pp.364-376. 
Giordano, M. and Villholth, K.G. eds., 2007. The Agricultural Groundwater Revolution: Opportunities 
and Threats to Development (Vol. 3). Centre for Agriculture and Bioscience International. 
125 
 
Glaeser, B., 2010. Agriculture between the Green Revolution and eco-development: which way to go? 
In The Green Revolution Revisited (pp. 13-19). Routledge. 
Godfray, H.C.J., Beddington, J.R., Crute, I.R., Haddad, L., Lawrence, D., Muir, J.F., Pretty, J., 
Robinson, S., Thomas, S.M. and Toulmin, C., 2010. Food security: the challenge of feeding 9 
billion people. Science, 327(5967), pp.812-818. 
Google Earth 9.2. 2019. Jhikhu Khola catchment 27°39’33”N 85°37’29”E, 865 m elevation, viewed 20 
April 2019 <http://www.google.com/earth/index.html>. 
Gordon, H.S., 1954. The economic theory of a common-property resource: the fishery. In Classic 
Papers in Natural Resource Economics (pp. 178-203). Palgrave Macmillan, London. 
Grapes, R. and Watanabe, T., 1994. Mineral composition variation in Alpine Schist, Southern Alps, 
New Zealand: implications for recrystallization and exhumation. Island Arc, 3(3), pp.163-181. 
Griffiths, J., 1986. What is legal pluralism? The Journal of Legal Pluralism and Unofficial Law, 18(24), 
pp.1-55. 
Gross, A., Boyd, C.E. and Seo, J., 1999. Evaluation of the ultraviolet spectrophotometric method for 
the measurement of total nitrogen in water. Journal of the World Aquaculture Society, 30(3), 
pp.388-393. 
Gurnell, A., Moggeridge, H., McGregor, G., Gosling, S. and Jones, A., 2008. A baseline appraisal of 
water-dependant ecosystem services, the roles they play within desakota livelihood systems and 
their potential sensitivity to climate change. Centre for Environmental Assessment and Policy 
and the Department of Geography. King’s College London. 
Hallett, J., 2002. Climate change 2001: The scientific basis. Edited by JT Houghton, Y. Ding, DJ Griggs, 
N. Noguer, PJ van der Linden, D. Xiaosu, K. Maskell and CA Johnson. Contribution of Working 
Group I to the Third Assessment Report of the Intergovernmental Panel on Climate Change, 
Cambridge University Press, Cambridge. 2001. 881 pp. ISBN 0521 01495 6. Quarterly Journal 
of the Royal Meteorological Society: A Journal of the Atmospheric Sciences, Applied 
Meteorology and Physical Oceanography, 128(581), pp.1038-1039. 
Hancock, P.J., Boulton, A.J. and Humphreys, W.F., 2005. Aquifers and hyporheic zones: towards an 
ecological understanding of groundwater. Hydrogeology Journal, 13(1), pp.98-111. 
Hardin, G., 1968. The tragedy of the commons. Science, 162(3859), pp.1243-1248. 
Hardina, C.M. and Fujioka, R.S., 1991. Soil: the environmental source of Escherichia coli and 
enterococci in Hawaii's streams. Environmental Toxicology and Water Quality, 6(2), pp.185-195. 
Harkes, I.H., 2006. Fisheries co-management, the role of local institutions and decentralisation in 
Southeast Asia: with specific reference to marine sasi in Central Maluku, Indonesia. Centre of 
Environmental Sciences (CML), Faculty of Social and Behavioural Sciences, Leiden University. 
Hazell, P.B., 2009. The Asian Green Revolution (Vol. 911). International Food Policy Research 
Institute. 
He, L., Aitchison, J.C., Hussey, K., Wei, Y. and Lo, A., 2018. Accumulation of vulnerabilities in the 
aftermath of the 2015 Nepal earthquake: Household displacement, livelihood changes and 
recovery challenges. International Journal of Disaster Risk Reduction, 31, pp.68-75. 
126 
 
Heikkila, T., 2004. Institutional boundaries and common-pool resource management: A comparative 
analysis of water management programs in California. Journal of Policy Analysis and 
Management, 23(1), pp.97-117. 
Hennink, M., Hutter, I. and Bailey, A., 2010. Qualitative Research Methods. Sage. 
Hobley, M., 1996. Participatory forestry: the process of change in India and Nepal. Overseas 
Development Institute (ODI). 
Huang, J., Xu, C.C., Ridoutt, B.G., Wang, X.C. and Ren, P.A., 2017. Nitrogen and phosphorus losses 
and eutrophication potential associated with fertilizer application to cropland in China. Journal 
of Cleaner Production, 159, pp.171-179. 
Hussain, I. and Hanjra, M.A., 2003. Does irrigation water matter for rural poverty alleviation? Evidence 
from South and South-East Asia. Water Policy, 5(5-6), pp.429-442. 
Hussain, I. and Hanjra, M.A., 2004. Irrigation and poverty alleviation: review of the empirical evidence. 
Irrigation and Drainage, 53(1), pp.1-15. 
Hussain, I., 2005. Pro-poor intervention strategies in irrigated agriculture in Asia. International Water 
Management Institute, Colombo, Sri Lanka. 
Immerzeel, W.W., Van Beek, L.P. and Bierkens, M.F., 2010. Climate change will affect the Asian water 
towers. Science, 328(5984), pp.1382-1385. 
Ives, J.D. and Messerli, B., 1989. The Himalayan dilemma: reconciling environment and development. 
Routledge. 
Jayaraman, T.K., 1981. Farmers' Organisations in Surface Irrigation Projects: Two Empirical Studies 
from Gujarat. Economic and Political Weekly, pp. A89-A98. 
Johnson, R.B. and Onwuegbuzie, A.J., 2004. Mixed methods research: A research paradigm whose 
time has come. Educational Researcher, 33(7), pp.14-26. 
Kanbur, S.R. and Mundial, B., 1992. Heterogeneity, distribution, and cooperation in common property 
resource management (Vol. 844). Washington, DC: World Bank. 
Katar, S., 1994. Managing common pool resources: principles and case studies. Oxford University 
Press. 
Keller, J., Keller, A. and Davids, G., 1998. River basin development phases and implications of closure. 
Journal of Applied Irrigation Science, 33(2), pp.145-163. 
Kemal, A.R., Din, M.U., Qadir, U., Fernando, L. and Colombage, S., 2002. Exports and economic 
growth in South Asia. A Study prepared for the South Asia Network of Economic Research 
Institutes, 1. 
Khadka, N., 2017. Agriculture intensification in Nepal: changes in socio-economic conditions and 
intensification indicators in Anshi Khola watershed (Master's thesis, Norwegian University of 
Life Sciences, Ås). 
Khadka, S.S., 1997. Water use and water rights in Nepal: legal perspective. In Water Rights, conflict 
and policy: Proceedings of a workshop held in Kathmandu, Nepal, pp. 13-46. 
Khush, G.S., 1999. Green revolution: preparing for the 21st century. Genome, 42(4), pp.646-655. 
127 
 
Kitchin, R. and Tate, N., 2013. Conducting Research in Human Geography: Theory, Methodology and 
Practice. Routledge. 
Kjellén, M. and McGranahan, G., 2006. Informal Water Vendors and the Urban Poor (p. 26). London: 
International Institute for Environment and Development. 
Koppen, B.C., Giordano, M. and Butterworth, J. eds., 2008. Community-based water law and water 
resource management reform in developing countries (Vol. 5). Centre for Agriculture and 
Bioscience International. 
Kothari, C.R., 2004. Research methodology: Methods and techniques. New Age International. 
Kulshrestha, H. and Sharma, S., 2006. Impact of mass bathing during Ardhkumbh on water quality 
status of river Ganga. Journal of Environmental Biology, 37(2), pp.437-440. 
Lahermo, P.W., Tarvainen, T. and Tuovinen, J.P., 1994. Atmospheric sulfur deposition and streamwater 
quality in Finland. Environmental Geology, 24(2), pp.90-98. 
Lam, W.F., 1996. Improving the performance of small-scale irrigation systems: The effects of 
technological investments and governance structure on irrigation performance in Nepal. World 
Development, 24(8), pp.1301-1315. 
Lam, W.F., 1998. Governing irrigation systems in Nepal: institutions, infrastructure, and collective 
action. Institute for Contemporary Studies. pp.294. 
Lautze, J., De Silva, S., Giordano, M. and Sanford, L., 2011, February. Putting the cart before the horse: 
Water governance and IWRM. In Natural Resources Forum (Vol. 35, No. 1, pp. 1-8). Oxford, 
UK: Blackwell Publishing Ltd. 
Laws, S., Harper, C., Jones, N. and Marcus, R., 2013. Research for Development: A Practical Guide. 
Sage. 
Leech, N.L. and Onwuegbuzie, A.J., 2009. A typology of mixed methods research designs. Quality & 
Quantity, 43(2), pp.265-275. 
Libecap, G.D., 1989. Distributional issues in contracting for property rights. Journal of Institutional 
and Theoretical Economics (JITE)/Zeitschrift für die gesamte Staatswissenschaft, pp.6-24. 
Linton, J. and Budds, J., 2014. The hydrosocial cycle: Defining and mobilizing a relational-dialectical 
approach to water. Geoforum, 57, pp.170-180. 
Linton, J., 2010. What is water?: The history of a modern abstraction. UBC Press. 
Mahapatra, R. (2000). Community forest management: The Nepalese experience. Down to Earth, 8(9), 
1-10. 
Malla, G., 2008. Climate change and its impact on Nepalese agriculture. Journal of Agriculture and 
Environment, 9, pp.62-71 
Malla, Y.B., 2000. Impact of community forestry policy on rural livelihoods and food security in 
Nepal. Unasylva, 51(202), pp.37-45. 
McCay, B. and Jentoft, S., 1998. Market or community failure? Critical perspectives on common 
property research. Human Organization, 57(1), pp.21-29. 
128 
 
McGee, T., 2009. The spatiality of Urbanization: the policy challenges of Mega-urban and Desakota 
Regions of Southeast Asia. Institute for Environment and Development 
McGee, T.G., 1991. The emergence of desakota regions in Asia: expanding a hypothesis. The extended 
metropolis: Settlement transition in Asia. 
McKean, M.A., 1992. Success on the commons: A comparative examination of institutions for common 
property resource management. Journal of Theoretical Politics, 4(3), pp.247-281. 
Meinzen-Dick, R. and Knox, A., 1999, June. Collective action, property rights, and devolution of 
natural resource management: A conceptual framework. In Draft paper for workshop (Vol. 15). 
Meinzen-Dick, R. and Zwarteveen, M., 1998. Gendered participation in water management: Issues and 
illustrations from water users ‘associations in South Asia. Agriculture and human values, 15(4), 
pp.337-345. 
Meinzen-Dick, R.S. and Nkonya, L.K., 2007. Understanding legal pluralism in water and land rights: 
lessons from Africa and Asia (pp. 12-27). London: Centre for Agriculture and Bioscience 
International. 
Meinzen‐Dick, R.S. and Pradhan, R., 2001. Implications of legal pluralism for natural resource 
management. Ids Bulletin, 32(4), pp.10-17. 
Merriam, S.B., Johnson-Bailey, J., Lee, M.Y., Kee, Y., Ntseane, G. and Muhamad, M., 2001. Power 
and positionality: Negotiating insider/outsider status within and across cultures. International 
Journal of Lifelong Education, 20(5), pp.405-416. 
Merz, J., 2004. Water balances, floods and sediment transport in the Hindu Kush-Himalayas: data 
analyses, modelling and comparison of selected meso-scale catchments. PhD. University of 
Berne, Switzerland, Institute of Geography. 
Merz, J., Dangol, P.M., Dhakal, M.P., Dongol, B.S., Nakarmi, G. and Weingartner, R., 2006. Road 
construction impacts on stream suspended sediment loads in a nested catchment system in Nepal. 
Land Degradation & Development, 17(3), pp.343-351. 
Merz, J., Nakarmi, G., Shrestha, S., Dahal, B.M., Dongol, B.S., Schaffner, M., Shakya, S., Sharma, S. 
and Weingartner, R., 2004. Public water sources in rural watersheds of Nepal’s Middle 
Mountains: Issues and constraints. Environmental Management, 34(1), pp.26-37. 
Merz, J., Nakarmi, G., Shrestha, S.K., Dahal, B.M., Dangol, P.M., Dhakal, M.P., Dongol, B.S., Sharma, 
S., Shah, P.B. and Weingartner, R., 2003. Water: A scarce resource in rural watersheds of Nepal's 
Middle Mountains. Mountain Research and Development, 23(1), pp.41-49. 
Milly, P.C.D., Betancourt, J., Falkenmark, M., Hirsch, R.M., Kundzewicz, Z.W., Lettenmaier, D.P. and 
Stouffer, R.J., 2008. Stationarity is dead: Whither water management?. Science, 319(5863), 
pp.573-574. 
Moench, M., Caspari, E. and Dixit, A., 1999. Rethinking the mosaic: investigations into local water 
management. Nepal Water Conservation Foundation, Kathmandu, NP. 
Molden, D. and Sakthivadivel, R., 1999. Water accounting to assess use and productivity of water. 
International Journal of Water Resources Development, 15(1-2), pp.55-71. 
Molden, D., 2007. Water for food. Water for life. A comprehensive assessment of water management 
in agriculture. International Water Management Institute (IWMI) and FAO. 
129 
 
Molden, D., Sakthivadivel, R. and Habib, Z., 2001. Basin-level use and productivity of water: Examples 
from South Asia (Vol. 49). IWMI. 
Molden, D., Sharma, E. and Acharya, G., 2016. Lessons from Nepal’s Gorkha earthquake 2015. Lessons 
from Nepal’s earthquake for the Indian Himalayas and the Gangetic plains, pp.1-14. 
Molle, F., Mollinga, P.P. and Wester, P., 2009. Hydraulic bureaucracies and the hydraulic mission: 
Flows of water, flows of power. Water Alternatives, 2(3), pp.328-349. 
Mollinga, P.P., 2008. Water, politics and development: Framing a political sociology of water resources 
management. Water Alternatives, 1(1), p.7. 
Murthy, P., 1999. India and Nepal: Security and economic dimensions. Strategic Analysis, 23(9), 
pp.1531-1547. 
Namara, R.E., Hanjra, M.A., Castillo, G.E., Ravnborg, H.M., Smith, L. and Van Koppen, B., 2010. 
Agricultural water management and poverty linkages. Agricultural Water Management, 97(4), 
pp.520-527. 
Narain, V. and Prakash, A. eds., 2016. Water security in peri-urban South Asia: Adapting to climate 
change and urbanization. New Delhi: Oxford University Press. 
Nayava, J.L., 2004. The temporal variations in rainfall in Nepal since 1971 to 2000. Journal of 
Hydrology and Meteorology, 1, pp.24-33. 
Negi, G.S. and Joshi, V., 2002. Drinking water issues and development of spring sanctuaries in a 
mountain watershed in the Indian Himalaya. Mountain Research and Development, 22(1), pp.29-
32. 
Nellemann, C. and Kaltenborn, B.P., 2009. The environmental food crisis in Asia-a blue revolution in 
water efficiency is needed to adapt to Asia's looming water crisis. ICIMOD, Sustainable 
Mountain Development, (56), pp.6-9. 
Nepal, R. and Thapa, G.B., 2009. Determinants of agricultural commercialization and mechanization 
in the hinterland of a city in Nepal. Applied Geography, 29(3), pp.377-389. 
Neuman, W.L., 2013. Social research methods: Qualitative and quantitative approaches. Pearson 
education. 
Neupane, R.P. and Thapa, G.B., 2001. Impact of agroforestry intervention on soil fertility and farm 
income under the subsistence farming system of the middle hills, Nepal. Agriculture, Ecosystems 
& Environment, 84(2), pp.157-167. 
Neupane, R.P., Sharma, K.R. and Thapa, G.B., 2002. Adoption of agroforestry in the hills of Nepal: a 
logistic regression analysis. Agricultural Systems, 72(3), pp.177-196. 
Newman, I. and Benz, C.R., 1998. Qualitative-quantitative research methodology: Exploring the 
interactive continuum. SIU Press. 
Niemczynowicz, J., 1999. Urban hydrology and water management–present and future challenges. 
Urban Water, 1(1), pp.1-14. 
Niroula, G.S. and Gopal B.T., 2005. Impacts and causes of land fragmentation, and lessons learned 
from land consolidation in South Asia. Land Use Policy, 22(4), pp. 358-372. 
Nollet, L.M. and De Gelder, L.S. eds., 2000. Handbook of water analysis. CRC press. 
130 
 
North, D.C., 1991. Institutions. Journal of Economic Perspectives, 5(1), pp.97-112. 
Oki, T. and Kanae, S., 2006. Global hydrological cycles and world water resources. Science, 313(5790), 
pp.1068-1072. 
Olsen, W., 2004. Triangulation in social research: qualitative and quantitative methods can really be 
mixed. Developments in Sociology, 20, pp.103-118. 
Olson, M., 1965. The theory of collective action: public goods and the theory of groups. Harvard 
University Press, Cambridge. 
Olson, M., 2009. The logic of Collective Action (Vol. 124). Harvard University Press. 
Onwuegbuzie, A.J. and Leech, N.L., 2005. On becoming a pragmatic researcher: The importance of 
combining quantitative and qualitative research methodologies. International Journal of Social 
Research Methodology, 8(5), pp.375-387. 
Ostrom, E. and Cox, M., 2010. Moving beyond panaceas: a multi-tiered diagnostic approach for social-
ecological analysis. Environmental Conservation, 37(4), pp.451-463. 
Ostrom, E., 1990. Governing the commons: the evolution of institutions for collective action. Cambridge 
University Press. 
Ostrom, E., 1992. Community and the endogenous solution of commons problems. Journal of 
Theoretical Politics, 4(3), pp.343-351. 
Ostrom, E., 1992. Crafting institutions for self-governing irrigation systems. Oakland ICS Press 
Ostrom, E., 1992. The rudiments of a theory of the origins, survival, and performance of common 
property institutions. Making the Commons Work: Theory, Practice, and Policy, pp.293-318. 
Ostrom, E., 1994. Neither market nor state: Governance of common-pool resources in the twenty-first 
century. Washington, DC: International Food Policy Research Institute. 
Ostrom, E., 2002. Common-pool resources and institutions: Toward a revised theory. Handbook of 
agricultural economics, 2, pp.1315-1339. 
Ostrom, E., 2007. A diagnostic approach for going beyond panaceas. Proceedings of the National 
Academy of Sciences, 104(39), pp.15181-15187. 
Ostrom, E., 2009. A general framework for analysing sustainability of social-ecological systems. 
Science, 325(5939), pp.419-422. 
Ostrom, E., 2009. Understanding Institutional Diversity. Princeton University Press. 
Ostrom, E., 2015. Governing the Commons. Cambridge University Press. 
Ostrom, E., Burger, J., Field, C.B., Norgaard, R.B. and Policansky, D., 1999. Revisiting the commons: 
local lessons, global challenges. Science, 284(5412), pp.278-282. 
Ostrom, E., Gardner, R., Walker, J. and Walker, J., 1994. Rules, games, and common-pool resources. 
University of Michigan Press. 
Ostrom, E., Lam, W.F. and Lee, M., 1994. The performance of self-governing irrigation systems in 
Nepal. Human Systems Management, 13(3), pp.197-207. 
131 
 
Ostrom, E.E., Dietz, T.E., Dolšak, N.E., Stern, P.C., Stonich, S.E. and Weber, E.U., 2002. The drama 
of the commons. National Academy Press. 
Pagdee, A., Kim, Y.S. and Daugherty, P.J., 2006. What makes community forest management 
successful: a meta-study from community forests throughout the world. Society and Natural 
Resources, 19(1), pp.33-52. 
Pahl-Wostl, C., Holtz, G., Kastens, B. and Knieper, C., 2010. Analyzing complex water governance 
regimes: the management and transition framework. Environmental Science & Policy, 13(7), 
pp.571-581. 
Palzett, A., Huamei, L., Wang, J. & Appel, E. 1996 Palaeomagnetism of Cretaceous to Tertiary 
sediments from southern Tibet: Evidence for the extent of the northern margin of India prior to 
the collision with Eurasia. Tectonophysics, 259, pp 259–284. 
Pandey, V.P., Shrestha, S. and Kazama, F., 2012. Groundwater in the Kathmandu Valley: development 
dynamics, consequences and prospects for sustainable management. European Water, 37(2012), 
pp.3-14. 
Paudel, P.N. and Tamrakar, N.K., 2012. Geology and rockmass condition of Dhulikhel-Panchkhal area, 
Kavre District, Central Nepal Lesser Himalaya. Bulletin of the Department of Geology, 15, pp.1-
14. 
Pimentel, D., Houser, J., Preiss, E., White, O., Fang, H., Mesnick, L., Barsky, T., Tariche, S., Schreck, 
J. and Alpert, S., 1997. Water resources: agriculture, the environment, and society. BioScience, 
47(2), pp.97-106. 
Pingali, P.L., 2012. Green revolution: impacts, limits, and the path ahead. Proceedings of the National 
Academy of Sciences, 109(31), pp.12302-12308. 
Pinstrup-Andersen, P. and Hazell, P.B., 1985. The impact of the Green Revolution and prospects for 
the future. Food Reviews International, 1(1), pp.1-25. 
Plowman, S., 1995. Engaging reflexivity and positionality: qualitative research on female single parents 
and residential location choice. New Zealand Geographer, 51(1), pp.19-21. 
Pokhrel, D.M. and Pant, K.P., 2009. Perspectives of organic agriculture and policy concerns in Nepal. 
Journal of Agriculture and Environment, 10, pp.103-115. 
Poteete, A.R. and Ostrom, E., 2004. Heterogeneity, group size and collective action: The role of 
institutions in forest management. Development and change, 35(3), pp.435-461. 
Poudel, D.D. and Duex, T.W., 2017. Vanishing springs in nepalese mountains: Assessment of water 
sources, farmers' perceptions, and climate change adaptation. Mountain Research and 
Development, 37(1), pp.35-47. 
Pyakuryal, B., Roy, D. and Thapa, Y.B., 2010. Trade liberalization and food security in Nepal. Food 
Policy, 35(1), pp.20-31. 
Rahaman, M.M. and Varis, O., 2005. Integrated water resources management: evolution, prospects and 
future challenges. Sustainability: Science, Practice and Policy, 1(1), pp.15-21. 
Rao, G.R., Rao, V.R., Prasanth, V.P., Khannal, N.P., Yadav, N.K. and Gowda, C.L.L., 2009. Farmers' 
perception on plant protection in India and Nepal: a case study. International Journal of Tropical 
Insect Science, 29(3), pp.158-168. 
132 
 
Raut, N., Sitaula, B.K. and Bajracharya, R.M., 2010. Agricultural intensification: linking with 
livelihood improvement and environmental degradation in mid-hills of Nepal. Journal of 
Agriculture and Environment, 11, pp.83-94. 
Raut, N., Sitaula, B.K., Aune, J.B. and Bajracharya, R.M., 2011b. Evolution and future direction of 
intensified agriculture in the central mid-hills of Nepal. International Journal of Agricultural 
Sustainability, 9(4), pp.537-550. 
Raut, N., Sitaula, B.K., Vatn, A. and Paudel, G.S., 2011. Determinants of adoption and extent of 
agricultural intensification in the central mid-hills of Nepal. Journal of Sustainable 
Development, 4(4), p.47. 
Ravallion, M. and Datt, G., 1996. How important to India's poor is the sectoral composition of economic 
growth?. The World Bank Economic Review, 10(1), pp.1-25. 
Rockström, J. and Karlberg, L., 2010. The Quadruple Squeeze: Defining the safe operating space for 
freshwater use to achieve a triply green revolution in the Anthropocene. Ambio, 39(3), pp.257-
265. 
Rockström, J., Lannerstad, M. and Falkenmark, M., 2007. Assessing the water challenge of a new green 
revolution in developing countries. Proceedings of the National Academy of Sciences, 104(15), 
pp.6253-6260. 
Rose, G., 1997. Situating knowledges: positionality, reflexivities and other tactics. Progress in Human 
Geography, 21(3), pp.305-320. 
Rout, G., Samantaray, S. and Das, P., 2001. Aluminium toxicity in plants: a review. Agronomie, 21(1), 
pp.3-21. 
Roy, R.N., Misra, R.V., Lesschen, J.P. and Smaling, E.M.A., 2003. Assessment of Soil Nutrient 
Balance: Approaches and Methodologies (No. 14). Food & Agriculture Organisation. 
Sakthivadivel, R. and Molden, D., 2002. Linking water accounting analysis to institutions: Synthesis of 
studies in five countries. Integrated Water-resources Management in a River-basin Context: 
Institutional Strategies for Improving the Productivity of Agricultural Water Management, p.19. 
Salminen, R., Batista, M.J., Bidovec, M., Demetriades, A., De Vivo, B., De Vos, W., Duris, M., Gilucis, 
A., Gregorauskiene, V., Halamić, J. and Heitzmann, P., 2005. Geochemical atlas of Europe, part 
1, Background Information, Methodology and Maps. Geological survey of Finland. 
Sanogo, I. and Amadou, M.M., 2010. Rice market integration and food security in Nepal: The role of 
cross-border trade with India. Food Policy, 35(4), pp.312-322. 
Sarin, P., Snoeyink, V.L., Bebee, J., Kriven, W.M. and Clement, J.A., 2001. Physico-chemical 
characteristics of corrosion scales in old iron pipes. Water Research, 35(12), pp.2961-2969. 
Sarker, A. and Itoh, T., 2001. Design principles in long-enduring institutions of Japanese irrigation 
common-pool resources. Agricultural Water Management, 48(2), pp.89-102. 
Sarker, A., Ross, H. and Shrestha, K.K., 2008. A common-pool resource approach for water quality 
management: An Australian case study. Ecological Economics, 68(1-2), pp.461-471. 
Saunders, F.P., 2014. The promise of common pool resource theory and the reality of commons projects. 
International Journal of the Commons, 8(2), pp.636-656. 
133 
 
Savenije, H.H. and Van der Zaag, P., 2008. Integrated water resources management: Concepts and 
issues. Physics and Chemistry of the Earth, Parts A/B/C, 33(5), pp.290-297. 
Schlager, E. and Blomquist, W., 1998, June. Resolving common pool resource dilemmas and 
heterogeneities among resource users. In Seventh Conference of the International Association for 
the Study of Common Property, British Columbia, Canada (pp. 10-14). 
Schlager, E. and Ostrom, E., 1992. Property-rights regimes and natural resources: a conceptual analysis. 
Land Economics, pp.249-262. 
Schlager, E., 2002. Rationality, cooperation, and common pool resources. American Behavioural 
Scientist, 45(5), pp.801-819. 
Schlager, E., 2004. Common-pool resource theory. Environmental Governance Reconsidered: 
Challenges, Choices, and Opportunities, pp.145-175. 
Schlager, E., Blomquist, W. and Tang, S.Y., 1994. Mobile flows, storage, and self-organized 
institutions for governing common-pool resources. Land Economics, 70(3), pp.294-318. 
Schmidt, M.G., Schreier, H. and Shah, P.B., 1993. Factors affecting the nutrient status of forest sites in 
a mountain watershed in Nepal. Journal of Soil Science, 44(3), pp.417-425. 
Schreier, H., 2006. Too little and too much: Water and Development in a Himalayan Watershed. 
Institute for Resources and Environment. 
Schreier, H., Brown, S., Schmidt, M., Shah, P., Shrestha, B., Nakarmi, G., Subba, K. and Wymann, S., 
1994. Gaining forests but losing ground: A GIS evaluation in a Himalayan 
watershed. Environmental Management, 18(1), pp.139-150. 
Schreier, H., Shah, P.B., Lavkulich, L.M. and Brown, S., 1994. Maintaining soil fertility under 
increasing land use pressure in the Middle Mountains of Nepal. Soil Use and Management, 10(3), 
pp.137-142. 
Schwarzenbach, R.P., Egli, T., Hofstetter, T.B., Von Gunten, U. and Wehrli, B., 2010. Global water 
pollution and human health. Annual Review of Environment and Resources, 35, pp.109-136. 
Seckler, D.W., 1996. The new era of water resources management: from" dry" to" wet" water savings 
(Vol. 1). IWMI. 
Seckler, D.W., 1998. World water demand and supply, 1990 to 2025: Scenarios and issues (Vol. 19). 
IWMI. 
Seddon, D., Adhikari, J. and Gurung, G., 2002. Foreign labor migration and the remittance economy of 
Nepal. Critical Asian Studies, 34(1), pp.19-40. 
Shah, T. and Van Koppen, B., 2006. Is India ripe for integrated water resources management? Fitting 
water policy to national development context. Economic and Political Weekly, pp.3413-3421. 
Shah, T., 2007a. Issues in reforming informal water economies of low-income countries: examples from 
India and elsewhere. Community-based Water Law and Water Resource Management Reform in 
Developing Countries, pp.65-95. 
Shah, T., 2007b. The groundwater economy of South Asia: an assessment of size, significance and 
socio-ecological impacts. The Agricultural Groundwater Revolution: Opportunities and Threats 
to Development, pp.7-36. 
134 
 
Shah, T., 2009. Climate change and groundwater: India’s opportunities for mitigation and adaptation. 
Environmental Research Letters, 4(3), p.035005. 
Shah, T., Molden, D., Sakthivadivel, R. and Seckler, D., 2000. Groundwater: Overview of 
Opportunities and Challenges. IWMI. 
Shah, T., Roy, A.D., Qureshi, A.S. and Wang, J., 2003, May. Sustaining Asia’s groundwater boom: an 
overview of issues and evidence. In Natural Resources Forum (Vol. 27, No. 2, pp. 130-141). 
Oxford, UK: Blackwell Publishing Ltd. 
Sharma, B., Nepal, S., Gyawali, D., Pokharel, G.S., Wahid, S., Mukherji, A., Acharya, S. and Shrestha, 
A.B., 2016. Springs, storage towers, and water conservation in the midhills of Nepal. 
International Centre for Integrated Mountain Development. 
Sharma, S., Bajracharya, R.M., Sitaula, B.K. and Merz, J., 2005. Water quality in the Central 
Himalaya. Current Science, pp.774-786. 
Shrestha, A., Roth, D. and Joshi, D., 2018. Socio-Environmental Dynamics and Emerging Groundwater 
Dependencies in Peri-Urban Kathmandu Valley, Nepal. Water Alternatives, 11(3), pp.770-794. 
Shrestha, P.L. and Neupane, F.P., 2002. Socio-economic contexts on pesticide use in Nepal. 
Landschaftsökologie und Umweltforschung, 38, pp.205-223. 
Shrestha, S., Aihara, Y., Bhattarai, A.P., Bista, N., Rajbhandari, S., Kondo, N., Kazama, F., Nishida, 
K. and Shindo, J., 2017. Dynamics of domestic water consumption in the urban area of the 
Kathmandu Valley: situation analysis pre and post 2015 Gorkha Earthquake. Water, 9(3), p.222. 
Shrestha, S., Semkuyu, D.J. and Pandey, V.P., 2016. Assessment of groundwater vulnerability and risk 
to pollution in Kathmandu Valley, Nepal. Science of the Total Environment, 556, pp.23-35. 
Singh, K. and Ballabh, V., 1993. Co-operatives in Natural Resources Management. Institute of Rural 
Management. 
Singh, R.B., 2000. Environmental consequences of agricultural development: a case study from the 
Green Revolution state of Haryana, India. Agriculture, Ecosystems & Environment, 82(1-3), 
pp.97-103. 
Sivapalan, M., Konar, M., Srinivasan, V., Chhatre, A., Wutich, A., Scott, C.A., Wescoat, J.L. and 
Rodríguez‐Iturbe, I., 2014. Socio-hydrology: Use‐inspired water sustainability science for the 
Anthropocene. Earth's Future, 2(4), pp.225-230. 
Sivapalan, M., Savenije, H.H. and Blöschl, G., 2012. Socio-hydrology: A new science of people and 
water. Hydrological Processes, 26(8), pp.1270-1276. 
Smadja, J., Aubriot, O., Puschiasis, O., Duplan, T., Grimaldi, J., Hugonnet, M. and Buchheit, P., 2015. 
Climate change and water resources in the Himalayas. Field study in four geographic units of the 
Koshi basin, Nepal. Journal of Alpine Research (103-2). 
Smith, J.L., 2008. A critical appreciation of the “bottom-up” approach to sustainable water 
management: embracing complexity rather than desirability. Local Environment, 13(4), pp.353-
366. 
Smith, L.E., 2004. Assessment of the contribution of irrigation to poverty reduction and sustainable 
livelihoods. International Journal of Water Resources Development, 20(2), pp.243-257. 
135 
 
Smith, M.S., Thomas, G.W., White, R.E. and Ritonga, D., 1985. Transport of Escherichia coli Through 
Intact and Disturbed Soil Columns 1. Journal of Environmental Quality, 14(1), pp.87-91. 
Snellen, W. Bart, and Adrianus Schrevel., 2004. IWRM: for sustainable use of water; 50 years of 
international experience with the concept of integrated water resources management; background 
document to the FAO/Netherlands conference on water for food an ecosystem, The Hague, 31 
January-5 February 2005. No. 1143. Alterra. 
Snidal, D., 1994. The Politics of Scope: Endogenous Actors, Heterogeneity and Institutions. Journal of 
Theoretical Politics, 6(4), pp.449-472. 
Spiertz, H.J., 2000. Water rights and legal pluralism: some basics of a legal anthropological approach. 
Negotiating Water Rights, pp.162-99. 
Springate-Baginski, O., Dev, O.P., Yadav, N.P. and Soussan, J., 2003. Community forest management 
in the middle hills of Nepal: the changing context. Journal of Forest and Livelihood, 3(1), pp.5-
20. 
Steins, N.A. and Edwards, V.M., 1999. Collective action in common-pool resource management: The 
contribution of a social constructivist perspective to existing theory. Society & Natural 
Resources, 12(6), pp.539-557. 
Stöcklin, J., 1980. Geology of Nepal and its regional frame: Thirty-third William Smith Lecture. 
Journal of the Geological Society, 137(1), pp.1-34. 
Stumm, W. and Morgan, J.J., 1971. Fresh Water and Ocean. (Book Reviews: Aquatic Chemistry. An 
Introduction Emphasizing Chemical Equilibria in Natural Waters). Science, 172, p.1124. 
Stumm, W. and Morgan, J.J., 1996. Aquatic Chemistry: Chemical Equilibria and Rates in Natural 
Waters. Environmental Science and Technology. Wiley. 
Stumm, W., Furrer, G., Wieland, E. and Zinder, B., 1985. The effects of complex-forming ligands on 
the dissolution of oxides and aluminosilicates. In The Chemistry of Weathering (pp. 55-74). 
Springer, Dordrecht. 
Suhardiman, D., Clement, F. and Bharati, L., 2015. Integrated water resources management in Nepal: 
key stakeholders' perceptions and lessons learned. International Journal of Water Resources 
Development, 31(2), pp.284-300. 
Swenson, G., 2018. Legal pluralism in theory and practice. International Studies Review. 
Swyngedouw, E., 2009. The political economy and political ecology of the hydro-social cycle. Journal 
of Contemporary Water Research & Education, 142(1), pp.56-60. 
Tamanaha, B.Z., 2008. Understanding legal pluralism: past to present, local to global. Sydney Law 
Review., 30, p.375. 
Tamang, S., Paudel, K.P. and Shrestha, K.K., 2014. Feminization of agriculture and its implications for 
food security in rural Nepal. Journal of Forest and Livelihood, 12(1), pp.20-32. 
Tambe, S., Kharel, G., Arrawatia, M.L., Kulkarni, H., Mahamuni, K. and Ganeriwala, A.K., 2012. 
Reviving dying springs: climate change adaptation experiments from the Sikkim Himalaya. 
Mountain Research and Development, 32(1), pp.62-73. 
Tang, S.Y., 1992. Institutions and collective action: Self-governance in irrigation. ICS press. 
136 
 
Tashakkori, A., Teddlie, C. and Teddlie, C.B., 1998. Mixed methodology: Combining Qualitative and 
Quantitative Approaches (Vol. 46). Sage. 
Teddlie, C. and Tashakkori, A., 2009. Foundations of Mixed Methods Research: Integrating 
Quantitative and Qualitative Approaches in the Social and Behavioural Sciences. Sage. 
Thapa, G.B. and Weber, K.E., 1990. Managing mountain watersheds: The upper Pokhara valley, Nepal. 
Division of Human Settlements Development, Asian Institute of Technology. 
Thirtle, C., Irz, X., Lin, L., McKenzie-Hill, V. and Wiggins, S., 2001. Relationship between changes in 
agricultural productivity and the incidence of poverty in developing countries. Report 
commissioned by the Department for International Development, London. 
Thirtle, C., Lin, L. and Piesse, J., 2003. The impact of research-led agricultural productivity growth on 
poverty reduction in Africa, Asia and Latin America. World Development, 31(12), pp.1959-1975. 
Thoms, C.A., 2008. Community control of resources and the challenge of improving local livelihoods: 
A critical examination of community forestry in Nepal. Geoforum, 39(3), pp.1452-1465. 
Tilman, D., 1998. The greening of the green revolution. Nature, 396(6708), p.211. 
Tilman, D., Cassman, K.G., Matson, P.A., Naylor, R. and Polasky, S., 2002. Agricultural sustainability 
and intensive production practices. Nature, 418(6898), p.671. 
Tilman, D., Fargione, J., Wolff, B., D'antonio, C., Dobson, A., Howarth, R., Schindler, D., Schlesinger, 
W.H., Simberloff, D. and Swackhamer, D., 2001. Forecasting agriculturally driven global 
environmental change. Science, 292(5515), pp.281-284. 
Tolich, M. and Davidson, C., 1999. Starting fieldwork: An introduction to qualitative research work in 
New Zeland. Oxford University Press. 
Tompkins, E.L. and Adger, W.N., 2004. Does Adaptive Management of Natural Resources Enhance 
Resilience to Climate Change? Ecology and Society, 9(2). 
Trimble, M. and Berkes, F., 2015. Towards adaptive co-management of small-scale fisheries in 
Uruguay and Brazil: lessons from using Ostrom’s design principles. Maritime Studies, 14(1), 
p.14. 
Troy, T.J., Pavao-Zuckerman, M. and Evans, T.P., 2015. Debates—Perspectives on socio-hydrology: 
Socio-hydrologic modeling: Tradeoffs, hypothesis testing, and validation. Water Resources 
Research, 51(6), pp.4806-4814. 
Upadhyay, B., 2005, August. Women and natural resource management: Illustrations from India and 
Nepal. In Natural resources forum (Vol. 29, No. 3, pp. 224-232). Oxford, UK: Blackwell 
Publishing, Ltd. 
Vaidya, R.A., 2009. The role of water storage in adaptation to climate change in the HKH region. 
ICIMOD, Sustainable Mountain Development, 56, pp.10-13. 
Vaidya, R.A., 2015. Governance and management of local water storage in the Hindu Kush Himalayas. 
International Journal of Water Resources Development, 31(2), pp.253-268. 
Valdiya, K.S., 2002. Emergence and evolution of Himalaya: reconstructing history in the light of recent 
studies. Progress in Physical Geography, 26(3), pp.360-399. 
137 
 
Van Steenbergen, F. and Shah, T., 2003. Rules rather than rights: Self-regulation in intensively used 
groundwater systems. Intensive Use of Groundwater: Challenges and Opportunities, pp.241-
256. 
Van Steenbergen, F., 2006. Promoting local management in groundwater. Hydrogeology Journal, 
14(3), pp.380-391. 
Varughese, G. and Ostrom, E., 2001. The contested role of heterogeneity in collective action: some 
evidence from community forestry in Nepal. World Development, 29(5), pp.747-765. 
Vitousek, P.M., Mooney, H.A., Lubchenco, J. and Melillo, J.M., 1997. Human domination of Earth's 
ecosystems. Science, 277(5325), pp.494-499. 
Vogel, R.M., Lall, U., Cai, X., Rajagopalan, B., Weiskel, P.K., Hooper, R.P. and Matalas, N.C., 2015. 
Hydrology: The interdisciplinary science of water. Water Resources Research, 51(6), pp.4409-
4430. 
Vörösmarty, C.J., Green, P., Salisbury, J. and Lammers, R.B., 2000. Global water resources: 
vulnerability from climate change and population growth. Science, 289(5477), pp.284-288. 
Wade, R., 1987. The management of common property resources: collective action as an alternative to 
privatisation or state regulation. Cambridge Journal of Economics, 11(2), pp.95-106. 
Wade, R., 1988. The management of irrigation systems: How to evoke trust and avoid prisoner's 
dilemma. World Development, 16(4), pp.489-500. 
Wesselink, A., Kooy, M. and Warner, J., 2017. Socio-hydrology and hydrosocial analysis: toward 
dialogues across disciplines. Wiley Interdisciplinary Reviews: Water, 4(2), pp.1196. 
Whelpton, J., 2005. A history of Nepal. Cambridge University Press. 
Wilson, C. and Tisdell, C., 2001. Why farmers continue to use pesticides despite environmental, health 
and sustainability costs. Ecological Economics, 39(3), pp.449-462. 
Wilson, J.A., 2002. Scientific uncertainty, complex systems, and the design of common-pool institutions 
(pp. 327-359). National Research Council. 
World Health Organisation (2017) online: Guideline for drinking-water quality, 4th Edition 
https://www.who.int/water_sanitation_health/publications/drinking-water-quality-guidelines-4-
including-1st-addendum/en/. Downloaded 13th May 2018. 
Xu, J., Grumbine, R.E., Shrestha, A., Eriksson, M., Yang, X., Wang, Y.U.N. and Wilkes, A., 2009. The 
melting Himalayas: cascading effects of climate change on water, biodiversity, and livelihoods. 
Conservation Biology, 23(3), pp.520-530 
Young, O.R., 2002. The institutional dimensions of environmental change: fit, interplay, and scale. MIT 
Press. 
Zadorojny, C., Saxton, S. and Finger, R., 1973. Spectrophotometric determination of ammonia. Journal 









Appendix A: Ethics Application 
 
UNIVERSITY OF OTAGO HUMAN ETHICS COMMITTEE 
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4. Title of project: 
Assessing water quality in the Jhikhu Khola catchment in Nepal 
5. Indicate project type and names of other investigators and students: 
Staff Co-investigators   Names: 
 
x Dr Sarah Mager 




Student Researchers        Names: 
Level of Study (PhD, Masters, Hons): 
 
External Researchers  Names: 
Institute/Company: 
6. Is this a repeated class teaching activity? 
NO 
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If YES, provide a robust justification on the need for urgency: 
 
 
8. When will recruitment and data collection commence? 
Fieldwork is planned from 3 February 2018 to 5 April 2018 
What is the planned conclusion date of the study? 
March 2019 
 
Note: At the conclusion (final write up) of the study a Final Report must be 
submitted to the Committee. The Final Report template can be found on the 
Human Ethics Web Page 
 
9. Funding of project 
Is the project to be funded by an external grant? 







If YES, specify who is funding the project: 
 
If commercial use will be made of the data, will potential participants be made aware of this before 
they agree to participate? If not, explain: 
10. Brief description in lay terms of the purpose of the project: 
Many countries in the Global South are experiencing a shift from subsistence farming practices to 
intensified agriculture. Due to a higher food demand from a growing population, Nepal has 
shifted to cash crop production, which has a potentially deleterious effect on water quality 
through promoting increased agriculture in marginal land and larger applications of pesticides 
and fertilisers. One area in Nepal that is experiencing these effects is the Jhikhu Khola 
catchment, located south east of Kathmandu. Previous studies in the Jhikhu Khola catchment 
from 1996 to 2006 provide baseline data to assess the impacts of continued intensification in 
the region. 
11. Aim and description of project 
 
This study will examine the current state of water quality in the Jhikhu Khola 
catchment, Nepal. In particular, the study will examine the linkages between 
agricultural processes and water quality. 
 
• To assess the water quality of the Jhikhu Khola catchment and its change since 2006 
by measuring ground water and stream water variables that are influenced by 
agricultural practices. 
• To discover how water quality is viewed by residents in the Jhikhu Khola catchment, 
characterise the issues people face related to water quality and how this varies between 
different groups of people in the area. 
 
A lack of studies during the past eleven years, and the understudied linkages between 
the scientific and social scientific dimensions, provide the impetus for this study, which 
will examine water quality variables, people’s perceptions of water quality and the 







12. Researcher/instructor experience and qualifications in this research area: 
The researcher (Sarah Mager) is a surface water hydrologist, specialising in geochemistry as indicators 
of land use disturbance. Previous research includes NZ surface water hydrology, as well as 
work in Zambia 
The researcher (Doug Hill) – has been carrying out research in South Asia (India, Nepal and 
Bangladesh for the past fifteen years. He is a specialist in the social scientific aspects of water 
use in the region. He has previously conducted research in Nepal and has established contacts 
in the country, including with government officials and university departments. 
 
The student researcher (Ben Wilkins) is in his thesis year of a Master of Science, having already 
completed a BSc in Geology and a DipGrad in Geography. Course work in GEOG461 
(Mountain Hydrology) and GEOG473 (Contemporary Geographies of South-East Asia) have 
assisted in an understanding of water quality and the factors influencing it in Nepal. 
 
13. Participants 
13(a) Population from which participants are drawn: Local water users within the 
Jhikhu Khola catchment and key informants, including government officials and 
members of organisations who have worked in the area (ICIMOD, NGO’s, 
Tribhuvan/Kathmandu University). Water users from within the catchment will 
be drawn from areas with different characteristics (such as agriculture type, 
close to water source/far from water source and non-agricultural areas) 
13(b) Inclusion and exclusion criteria: The nature of the research involves voluntary 
consent from officials/employees and water users who are relevant to the 
research. For the water users in the catchment, the participants will be 
interviewed through the research assistant who speaks Nepali. It is expected that 
the majority of the key informant interviews will take place in English. Once 
identified, participants are free to decline to participate in the study. 
13(c) Estimated number of participants: Approximately 50 water users within the 
Jhikhu Khola catchment will be sought for the study. The exact number of key 
informants is not known as the snowball sampling method will be employed and 
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it depends on availability. It is anticipated that 10-20 interviews will be 
conducted. 
13(d) Age range of participants: All participants will be over 18 years of age 
13(e) Method of recruitment: Key informant participants will initially be contacted 
through established contacts in Nepal and will develop using a snowball 
approach. A thorough selection process using local knowledge will be used to 
select participants representing individual water users in the Jhikhu Khola 
catchment. They will be selected based on their location and agricultural, or non-
agricultural, land use. 
13(f) Specify and justify any payment or reward to be offered: 
None will be offered 
 
 
14. Methods and Procedures: 
The research design will include semi-structured key informant interviews with government 
officials/employees, NGO’s, research organisations and researchers who have previously 
worked in the Jhikhu Khola catchment. It will also include semi-structured interviews with local 
water users within the catchment who will be contacted through a local research assistant. 
Where permission has been granted, interviews will be audio-recorded. Transcripts from the interviews 
will be analysed thematically through description, coding and the classification of responses. 
15. Compliance with The Privacy Act 1993 and the Health Information Privacy Code 1994 
imposes strict requirements concerning the collection, use and disclosure of personal 
information.  The questions below allow the Committee to assess compliance. 
15(a) Are you collecting and storing personal information (e.g.name, contact details, 




15(b) Are you collecting information about individuals from another source? 
NO 
 
15(c) Collecting Personal Information 
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• Will you be collecting personal information (e.g. name, contact details, position, 
company or anything that could identify the individual)? 
NO 
• Will you inform participants of the purpose for which you are collecting the 
information and the uses you propose to make of it? 
YES 
• Will you inform participants of who will receive the information? 
YES 
• Will you inform participants of the consequences, if any, of not supplying the 
information? 
YES 
• Will you inform participants of their rights of access to and correction of personal 
information? 
YES 
Where the answer is YES, make sure the information is included in the Information Sheet for 
Participants. 
If you are NOT informing them of the points above, please explain why: 
 
 
15(d) Outline your data storage, security procedures and length of time data will 
be kept 
The data will be stored on the researchers’ university computer login profile, which has a secure 
login and is password protected. Hard-copy data will be stored in a locked cabinet in Dr Doug 
Hill’s office at the University of Otago. In line with University requirements, this information 
will be kept for five years, after which it will be destroyed by document destruction services. 
At the completion of the project all identifying personal information will be destroyed. 
 
 
15(e) Who will have access to personal information, under what conditions, and subject 
to what safeguards? If you are obtaining information from another source, include 
details of how this will be accessed and include written permission if appropriate.  
Will participants have access to the information they have provided? 
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Information will only be available to Dr Sarah Mager, Dr Doug Hill and Ben Wilkins. 
It will only be accessible through a secure login and password or in a locked cabinet. 
Participants will be informed prior to consent that they may request a copy of the 
research project when it is completed. 
 
15(f) Do you intend to publish any personal information they have provided? 
NO 
If YES, specify in what form you intend to do this: 
 
 
15(g) Do you propose to collect demographic information to describe your sample? For 
example: gender, age, ethnicity, education level, etc. 
The gender, age and ethnicity of people in the semi structured interviews will be 
recorded. The information will be anonymised in the write-up of the thesis. 
 
15 (h) Have you, or will you, undertake Māori consultation? Choose one of the options 
below, and delete the option that does not apply: 
 
NO The research is taking place overseas 
 
 




17. Please describe the ethical issues that might arise from the proposed research and how 
they are to be addressed. 
It is not expected that any conflicts or issues will arise out of this research project. Participants 
will be provided with the researchers’ contact details should they wish to discuss any issues 
raised in the process of participating in the research. The topic is not controversial in Nepal, 
especially in the Jhikhu Khola catchment where numerous previous studies have occurred so 
local people are aware of research on these topics. The student researcher, Ben Wilkins, will be 
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in contact with local researchers from the International Centre for Integrated Mountain 
Development, Tribhuvan University and Kathmandu University 
 
The researchers need to be aware of the possibility that people may feel compelled to answer 
questions about topics that they are uncomfortable with. In order to try and negate this 
possibility, the researchers will make participants aware of their right to withdraw from 
interviews at any stage if they feel uncomfortable, and that if they feel uncomfortable they are 
under no obligation to answer any particular questions if they do not want to. When taking water 
samples, it is likely that some people will feel nervous about what implications the samples will 
have for them. We will reassure them that there will be no implications as a result of the samples 
being taken. Participants will also be made aware that any information that they provide the 
researchers will be safeguarded and that all reasonable measures will be taken to ensure that 
they remain anonymous. 
 
In medical terms, International SOS considers Nepal as a ‘high risk’ travel country. As such, 
all of the recommended vaccinations will be taken, anti-malarial medication will be carried and 
all food and water advice will be adhered to in order to mitigate the risk. The field site is located 
about 45 kilometres from Kathmandu where there are suitable health care facilities. There are 
also accommodation facilities nearby that are frequently used by tourists. A Health and Safety 
Plan has been submitted to the Geography Department and approved by the Pro-Vice-
Chancellor. 
 
- The University travel insurance covers work in Nepal and includes emergency evacuation 
should the need arise. 
 
- Travel doctors will be consulted prior to the trip February to establish that it is safe to travel. 
 
- As the research takes place during the dry season and not during the monsoon season, the 
health risk is significantly reduced because there are fewer mosquitoes and 
 





In terms of security, there are no travel restrictions in place. SOS notes that there is a history of 
demonstrations in Nepal. At the time of research there are no known events that may increase 
the likelihood of frequent demonstrations. Demonstrations will be avoided at all times. The 
research location is not in an area that SOS notes as having safety risks. 
 
18. *Applicant's Signature:   ............................................................................. 
Name (please print): ………………………………………………………. 
Date:  ................................ 
*The signatory should be the staff member detailed at Question 1. 
 
 
19. Departmental approval:  I have read this application and believe it to be valid research and 
ethically sound.  I approve the research design.  The Research proposed in this application is 
compatible with the University of Otago policies and I give my consent for the application to 
be forwarded to the University of Otago Human Ethics Committee with my recommendation 
that it be approved. 
Signature of **Head of Department: .......................................................................... 











Assessing the water quality of the Jhikhu Khola catchment  
 
INFORMATION  SHEET  FOR  WATER USER INTERVIEW 
 
 
Thank you for showing an interest in this project.  Please read this Information Sheet carefully 
before deciding whether or not to participate.  If you decide to participate, we thank you.  If 
you decide not to take part, there will be no disadvantage to you and we thank you for 
considering our request.   
 
What is the Aim of the Project? 
 
This project is being undertaken as part of the requirements for a Master of Science degree at 
the University of Otago. The project aims to investigate water quality properties that are related 
to agriculture in the Jhikhu Khola catchment. Part of the research is looking at how people 
source water, what these sources are used for, and the perceptions of people on the quality of 
water. It is hoped that this study will show how water quality in the Jhikhu Khola catchment 
has changed since the last major study in 2006. 
 
What Type of Participants are being sought? 
 
Local people who use water in the Jhikhu Khola catchment are being sought. The study seeks 
approximately 70 water users. The results of the study will be available upon request. 
 
What will Participants be Asked to Do? 
 
Should you agree to take part in this project, you will be asked several questions about your 
water sources and use, how you view the quality of the water you use and agricultural practices. 
It should only take about 30 minutes of your time. Please be aware that you may decide not to 





What Data or Information will be collected and What Use will be Made of it? 
Information is being collected to understand water quality and agricultural practices in the 
Jhikhu Khola catchment so that the change in water quality since the last study in 2006 can be 
determined. 
Information about the water sources you use and how you view the quality of these sources 
will be collected, as well as the agricultural processes that are being utilised. 
If participants agree, the interview will be audio-taped to help the researcher understand the 
information. All tapes will be destroyed at the end of the project. 
The interviews will involve a semi-structured interview technique. Questions will be about 
your water use, where you source your water from, the quality of the water and the agricultural 
processes utilised. You will be asked how you think water quality has changed and how it 
might change in the future. The University of Otago Human Ethics Committee has reviewed 
and given permission for these questions to be asked. 
If any of the questions that you are asked in this interview, make you feel uncomfortable you 
have the right to not answer any particular question(s) and you may withdraw from the project 
at any time without any disadvantage to you or your family of any kind and we thank you for 
considering our request. 
During the processing and writing up of this information, all participants will remain 
anonymous and it will not be possible to identify participants in any reports or articles of the 
findings. The data will only be available to the researchers and all participants will remain 
anonymous. 
The results of this project may be published and will be available in the University of Otago 
Library (Dunedin, New Zealand), but you will not be identifiable in these publications. If you 
would like, a copy of the final report can be made available to you. 
The data collected will be securely stored in such a way that only those mentioned below will 
be able to gain access to it. Data obtained as a result of the research will be retained for at least 
5 years in secure storage. Any personal information held on the participants [such as contact 
details, audio or video tapes, after they have been transcribed etc,] may be destroyed at the 
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completion of the research even though the data derived from the research will, in most cases, 
be kept for much longer or possibly indefinitely. 
Reasonable precautions will be taken to protect and destroy data gathered by email. However, 
the security of electronically transmitted information cannot be guaranteed. Caution is advised 
in the electronic transmission of sensitive material 
 
What if Participants have any Questions? 
If you have any questions about our project, either now or in the future, please feel free to 
contact either: 
Ben Wilkins and/or  Dr Sarah Mager 
Department of Geography   Department of Geography 
+66221770764   +64 3 479 4222 
wilbe383@student.otago.ac.nz   sarah.mager@otago.ac.nz 
This study has been approved by the University of Otago Human Ethics Committee. If you 
have any concerns about the ethical conduct of the research you may contact the Committee 
through the Human Ethics Committee Administrator (ph +643 479 8256 or email 
gary.witte@otago.ac.nz). Any issues you raise will be treated in confidence and investigated 









Assessing the water quality of the Jhikhu Khola catchment  
CONSENT FORM  FOR  WATER USER INTERVIEWS 
 
 
I have read the Information Sheet concerning this project and understand what it is about.  All 
my questions have been answered to my satisfaction.  I understand that I am free to request 
further information at any stage. 
I know that: 
1. My participation in the project is entirely voluntary; 
 
2. I am free to withdraw from the project at any time without any disadvantage; 
 
3. Personal identifying information [specify e.g. audio or video recordings etc] may be 
destroyed at the conclusion of the project, but any raw data on which the results of the 
project depend will be retained in secure storage for at least five years; 
 
4.  This project involves an open-questioning technique. The general line of questioning 
includes water sources, water quality and agricultural practices.  The precise nature of the 
questions which will be asked have not been determined in advance, but will depend on 
the way in which the interview develops, and in the event that the line of questioning 
develops in such a way that I feel hesitant or uncomfortable I may decline to answer any 
particular question(s), and/or may withdraw from the project without any disadvantage of 
any kind. 
 
5. If I feel uncomfortable at any time I may decline to answer any particular question(s) 




7. The results of the project may be published and will be available in the University of Otago 









8. I, as the participant: agree to take part in this project. 
 
 
.............................................................................   ............................... 








Name of person taking consent 
 
 
This study has been approved by the University of Otago Human Ethics Committee. If you 
have any concerns about the ethical conduct of the research you may contact the Committee 
through the Human Ethics Committee Administrator (ph +643 479 8256 or email 
gary.witte@otago.ac.nz). Any issues you raise will be treated in confidence and investigated 


























 विखु खोलामा संरविि पानीको गुणस्तर मूल्ांकन 
 
पानी प्रयोगकिाभ अन्तरबािाभको लावग सूचना पत्र 
 
यो पररयोजनामा रुवच देखाउनु र्यकोमा धन्यवाद। कृपया यो अन्तरबािाभमा र्ाग वलनु अवि यो जानकारी पाना ध्यानपूवभक 
पढ्नुहोस् । यवद िपाईं र्ाग वलने वनणभय गनुभहुन्छ र्ने, हामी िपाईंलाई धन्यवाद वदछ ।ं यवद िपाइँ र्ाग वलनुहुन्न र्ने पवन 
िपाईंको लावग कुनै हावन हुनेछैन र हामी हाम्रो अनुरोधलाई ववचार गनुभर्यकोमा िपाईंलाई धन्यवाद वदछ ।ं 
 
पररयोजनाको उदे्दश्य के हो? 
 
यो पररयोजनाको उदे्दश्य पानी पररिण गनुभ हो। यो पररयोजना ओटागो ववश्वववद्यालय अन्तगभि वबज्ञान वबषयको  स्नािकोत्तरको 
पढाई सम्बन्धी विखु खोला पानी संकलन रू्र्ाग मा रहेको कृवष को अध्ययन हो। यो अध्ययन को केवह अंश मावनसहरुले 
कसरर पानी संकलन गरररहेका छन् र्नेर जानु्न हो, उक्त संकवलि पानी कसरर प्रयोग गरररहेका छन् र्नेर जानु्न हो अवन 
जनमानसमा उक्त पानीको गुणस्तर बारेको कस्तो धारणा छ र्ने्न जानु्न हो। यो अध्ययन बाट विखु खोलाको पानीको 
गुणस्तरमा २००६ सालमा र्यको  बृहि अध्ययन पवछ हाल सम्म कस्तो पररबिभन र्यको छ र्ने्न जानकारी वलनु हो।  
 
एस पररयोजनामा कस्तो प्रकारको सहर्ावगिाको खोवज गररयको छ ? 
 
विखु खोलाको संरविि पानी प्रयोग गने स्थानीय बावसन्दाहरु को खोवज गररयको हो। एस अध्ययनमा  लगर्ग ७० पानी 
प्रयोगकिाभहरुको सहर्ावगिा खोवजयको छ। माग गररयको खण्डमा एस अध्ययनको नविजा उपलब्ध गररने छ।  
 
 
सहर्ागीहरुलाई के गनभ लगाइने छ ? 
 
यवद िपाई यो पररयोजनामा सहर्ागी हुन चाहनुन्छ र्ने, िपाइलाई िपाइले प्रयोग गने पानी को श्रोि अनी त्यो पानी लाई 
कसरी प्रयोगमा लैजानुहुन्छ, खानेपानी अनी कृवषमा प्रयोग गने पानीको गुणस्तर बारे िपाइको धारणा कस्तो छ लगायि 
प्रस्नहरु सोवधनेछ। िपाइको लगर्ग ३० वमनेटको समयमा यो सवकनेछ।  
 
िपाईलाई इच्छा नलागेको खण्डमा िपाई एस वियाकलापमा सहर्ागी नहुनपवन सकु्नहुन्छ । 
 
 




विखु खोला वरपर पानीको सुद्धिा िथा कृवष गने िररकाहरुको बारेमा जानकारी लीनको लागी यो िथ्ांक र जानकारीहरु 
संकलन गररन लावगयको हो जसले गदाभ २००६ सालमा र्यको बृहि अध्ययन पवछ पानीको सुद्धिामा कस्तो पररबिभन र्यको 
छ र्ने्न जानकारी लीन सवकन्छ । 
 
िपाइले प्रयोग गने पानी र उक्त पानीको श्रोि बारे िपाइको धारणाहरु संकलन गररने छ । साथै उक्त पानी कृवषमा कसरर 
प्रयोग र्यको छ र्ने्न बारेमा िपाइको ववचार संकलन गररने छ ।  
 
यवद सहर्ागीहरुले सहमवि वदयको खण्डमा,  सोधकिाभको प्रयोग को लावग यो अन्तरबािाभ रेकर्भ गररने छ । सबै रेकर्भहरु 
यो पररयोजना पश्चाि नष्ट गररने छ ।  
 
अन्तरबािाभहरु अधभ-संरवचि प्रवववधमा आधाररि हुन्छन । िपाइले प्रयोग गने पानी, त्यसको श्रोि, पानीको गुणस्तर िथा 
कृवषमा पानीको प्रयोग सम्बन्धन्ध प्रस्नहरु  एस अन्तरबािाभमा समावेस गररयको छ । पानीको गुणस्तरमा कस्तो पररबिभन र्एको  
महसुस गनुभर्यको छ  अवन  र्ववष्यमा कस्तो खालको पररबिभन हुन सक्छ र्नेर िपाइलाई प्रस्न सोवधनेछ । ओटागो 
ववश्वववद्यालय अन्तगभि रहेको मानव आचार ववज्ञान सवमवि द्वारा समीिा िथा अनुमोदीि  गरर यी प्रस्नहरु सोध्नको लावग  
अनुमवि वदईएको छ । 
 
यवद अन्तरबािाभमा सोवधयको कुनै प्रस्नले िपाइलाई अप्ठेरो बनाउछ र्ने उक्त प्रस्नको उत्तर नवदन पवन सकु्नहुन्छ । साथै 
िपाइलाई िथा िपाइको पररवारको लावग अप्यारो पछभ  जस्तो लाग्छ र्ने जुनैपवन बेला यो पररयोजना बाट वनस्कन सकु्नहुन्छ 
। हामी हाम्रो अनुरोधलाई ववचार गनुभर्यकोमा िपाईंलाई धन्यवाद वदछ ।ं 
 
यस जानकारीको प्रशोधन र लेखनको िममा, सबै सहर्ागीहरू बेनामी हुनेछन् र कुनै पवन ररपोटभ वा वनष्कषभका लेखहरूमा 
सहर्ागीहरुको पवहचान गनभ सम्भव हुनेछैन। एस अध्ययनमा संकवलि सुचनाहरु मात्र केवल शोधकिाभहरूको लावग उपलब्ध 
हुनेछ र सबै सहर्ागीहरू बेनामी हुनेछन् । 
 
यो पररयोजनाको निीजा प्रकावशि हुन सक्छ र ओटोगो ववश्वववद्यालय (दुनेदीन, नु्य वजल्ान्ड ) पुस्तकालयमा   उपलब्ध हुनेछ 
। उक्त प्रकाशनहरुमा िपाइँहरुको पवहचान खुलाईने  छैन । यवद िपाइँ चाहानुहुन्छ र्ने, अन्धन्तम ररपोटभको प्रविवलवप 
िपाईंलाई उपलब्ध गराउन सवकन्छ।  
 
संकवलि सुचनाहरु सुरविि िररकाले र्ण्डारण गररनेछ जुन िल उले्लख गररएका व्यन्धक्तहरुको पहँुचमा मात्र हुनेछ । 
अनुसन्धानको पररणामको रूपमा प्राप्त रे्टा/सुचनाहरु कम्तीमा ५ वषभसम्म सुरविि र्ण्डारणमा राखीनेछ। सहर्ावगिामा 
रान्धखएको कुनै पवन व्यन्धक्तगि जानकारी [जसै्त संपकभ  वववरण, अवर्यो वा वर्वर्यो ट्यापहरू, उनीहरूको टर ान्सविप्ट आवद], 
अनुसन्धानको समापनमा ववनाश हुन सक्छ येदे्धपी अनुसन्धान बाट प्राप्त रे्टा, धेरै अवस्थामा धेरै लामो वा सम्भविः 
अवनवश्चिकावलन को लागी रान्धखएको हुन्छ । 
 
ईमेल द्वारा एकवत्रि रे्टा/ सूचना  को रिा र नष्ट गनभ उवचि सावधान रहनेछ । िथावप, इलेक्ट्र वनक रूपमा संचाररि 
जानकारीको सुरिा ग्यारेन्टी गनभ सवकँदैन। संवेदनशील सामाग्रीको ववद्युिीय प्रसारणमा सावधानी वदन सूिाव वदइएको छ। 
 
 
के यवद सहर्ागीहरूसंग कुनै प्रश्न छन् र्ने? 
 
यवद िपाइँसँग हाम्रो पररयोजनाको बारेमा कुनै प्रश्न छ र्ने, हाल  वा र्ववष्यमा, कृपया िल वदइएका व्यन्धक्तहरुलाई वन: शुल्क 
सम्पकभ  गनुभहोस्: 
 
बेन ववन्धल्कन्स  र / अथवा  र्ा सारा मागेर  
 
रू्गोल ववर्ाग    रू्गोल ववर्ाग 
+६६२२१७७०७६४     +६४ ३ ४७९ ४२२२  
wilbe383@student.otago.ac.nz  sarah.mager@otago.ac.nz  
 
 
यो अध्ययन ओटागो मानव आचार ववज्ञान सवमवि द्वारा स्वीकृि गररएको छ। यवद िपाईसँग अनुसन्धानको नैविक आचरण 
बारे कुनै वचन्ता छ र्ने िपाईं सवमविलाई मानव नैविकिा कमेटी प्रशासकको माध्यमबाट सम्पकभ  गनभ सकु्नहुन्छ (फोन +६४३ 
४७९ ८२५६ अथवा इमेल gary.witte@otago.ac.nz) । िपाईंले उठाउनुर्एका कुनैपवन मुद्दाहरूमा ववश्वास गररनेछ र 














विखु खोलामा संरविि पानीको गुणस्तर मूल्ांकन 
 
 
पानी प्रयोगकिाभ अन्तरबािाभका लावग सहमवि फारम 
 
      
मैले यस पररयोजना बारेको  सूचना पाना पढेको छु र बुिेको छु । मैले गरेका सबै प्रश्नहरूको जवाफ वचत्त बुजे्न गरर पाँए । म 
बुझ्छु वक म कुनै पवन चरणमा थप जानकारीको लावग वनःशुल्क अनुरोध गनभ सक्छु ।  
 
मलाई थाहा छ वक:- 
१. पररयोजनामा मेरो सहर्ावगिा सै्वन्धच्छक हो; 
२. म कुनै पवन समयमा पररयोजनाबाट वनक्लन सक्छु । 
३. व्यन्धक्तगि पवहचान जानकारी ]उदाहरण का लावग: अवर्यो वा वर्वर्यो रेकवर्भङ आवद।  (समापनमा पररयोजनाको 
सक्छ हुन नाश , िर कुनै पवन प्राप्त रे्टा/सुचनाहरु कम्तीमा ५ वषभसम्म सुरविि र्ण्डारणमा राखीनेछ। 
४. यस पररयोजनामा एक खुल्ला प्रश्नप्रणाली प्रवववध समावेश छ । सामान्यिा प्रश्नहरु पानीको स्रोि, पानीको गुण र 
कृवष प्रवववधहरू बारेमा सम्बन्धन्धि छन्। याकै्क कस्तो प्रस्नहरु छन् र्ने्न अवग्रममा वनधाभररि गररएको छैन, िर 
अन्तरबािाभको स्वोरूप अनुसार उक्तसमयमानै वनधाभरण गरीनेछ । उक्त समयमा सोवधयको प्रश्नले गदाभ मैले 
असहज महसुस गरे र्ने उक्त प्रश्न(हरू) को जवाफ वदन अस्वीकार गनभ सक्छु वा कुनै पवन समयमा पररयोजनाबाट 
हट्न सक्छु । 
५. कुनैपवन बेला यवद मैले असहज महसुस गरे र्ने उक्त प्रश्न (हरू) को जवाफ वदन अस्वीकार गनभ सक्छु वा कुनै पवन 
समयमा पररयोजनाबाट हट्न सक्छु । 
६. यो पररयोजनाको निीजा प्रकावशि हुन सक्छ र ओटोगो ववश्वववद्यालय (दुनेदीन, नु्य वजल्ान्ड ) पुस्तकालयमा   














Appendix F: Water user semi-structured interview 
 
Assessing the water quality of the Jhikhu Khola catchment  
 
WATER USER SEMI-STRUCTURED INTERVIEW 
 
 Date   Adjacent sample site number 
  
Personal details 
 Age [under 20] [20-29] [30-39] [40-49] [50-59] [60-69] [70-79] [80+]  
 Gender 
Head of household/relationship to head? 
 Ethnicity 
 
 Sources of water 
- Type of water source? 
- How did you access water in the past? 
 
 Uses of water 
- What do you use water for? 
- Do you have enough water to meet your needs and how important is water to your 
household? 
 
 Water quality 
- When using the water for drinking, is the taste acceptable? 
- If using for washing clothes, is it acceptable (no discolouration)? 
  
 Water quantity 
- Does the supply of water vary during the year? 
- Why do you think it varies? 
 
 Agricultural practices 
- Do you grow cash crops? 
- How often do you apply pesticides/fertiliser? 
- How have agricultural practices changed over time? 
 
 Change in water quality/Issues 
- How has the water quality changed over time? 
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INFORMATION  SHEET  FOR  KEY INFORMANT INTERVIEWS 
 
 
Thank you for showing an interest in this project.  Please read this information sheet carefully 
before deciding whether or not to participate.  If you decide to participate we thank you.  If 
you decide not to take part there will be no disadvantage to you and we thank you for 
considering our request.   
 
What is the Aim of the Project? 
 
This project is being undertaken as part of the requirements for a Master of Science degree at 
the University of Otago. The project aims to investigate water quality properties that are related 
to agriculture in the Jhikhu Khola catchment. A part of the research is therefore looking at how 
government agencies, research agencies, local authorities and NGOs are assisting in water 
quality management and how this has changed over time. It is hoped that this research will 
show how water quality in the Jhikhu Khola catchment has changed since the last major study 
in 2006 and identify the drivers behind the change. 
 
What Type of Participants are being sought? 
 
The participants in this study are mainly officials or employees of government agencies, 
researchers who have previously studied the Jhikhu Khola catchment, local authorities and 
NGOs. 
 
What will Participants be asked to do? 
 
Should you agree to take part in this project, you will be asked several questions about water 
quality, how your department/organisation is assisting local communities with water use, and 
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the linkages between agricultural practices and water quality. The amount of time involved 
will vary depending on your position, but discussions may last up to one hour. 
 
Please be aware that you may decide not to take part in the project without any disadvantage 
to yourself of any kind. 
 
What Data or Information will be collected and What Use will be Made of it? 
Information is being collected to understand water quality and agricultural practices in the 
Jhikhu Khola catchment so that the changes in water quality since the last study in 2006 can 
be determined. 
We will examine information about the water quality along with information regarding policies 
and/or regulations that are in place. Agricultural practices and their impact on water quality 
will also be discussed. 
If participants agree, the interview will be audio-taped to help the researcher understand the 
information. All tapes will be destroyed at the end of the project. 
The interviews will involve a semi-structured interview technique. Questions will be about 
your water use, where you source your water from, the quality of the water and the agricultural 
processes utilised. You will be asked how you think water quality has changed and how it 
might change in the future. The University of Otago Human Ethics Committee has reviewed 
and given permission for these questions to be asked. 
If any of the questions that you are asked in this interview make you feel uncomfortable, you 
have the right to not answer any particular question(s), and you may withdraw from the project 
at any time without any disadvantage to you or your family of any kind, and we thank you for 
considering our request. 
During the processing and writing-up of this information, all participants will remain 
anonymous and it will not be possible to identify participants in any reports or articles of the 




The results of this project may be published and will be available in the University of Otago 
Library (Dunedin, New Zealand), but you will not be identifiable in these publications. If you 
would like, a copy of the final report can be made available to you. 
The data collected will be securely stored in such a way that only those mentioned below will 
be able to gain access to it. Data obtained as a result of the research will be retained for at least 
5 years in secure storage. Any personal information held on the participants [such as contact 
details, audio or video tapes, after they have been transcribed etc,] may be destroyed at the 
completion of the research, even though the data derived from the research will, in most cases, 
be kept for much longer or possibly indefinitely. 
Reasonable precautions will be taken to protect and destroy data gathered by email. However, 
the security of electronically transmitted information cannot be guaranteed. Caution is advised 
in the electronic transmission of sensitive material 
What if Participants have any Questions? 
If you have any questions about our project, either now or in the future, please feel free to 
contact either:- 
Ben Wilkins and/or  Dr Sarah Mager 
Department of Geography   Department of Geography 
+66221770764   +64 3 479 4222 
wilbe383@student.otago.ac.nz   sarah.mager@otago.ac.nz 
This study has been approved by the University of Otago Human Ethics Committee. If you 
have any concerns about the ethical conduct of the research you may contact the Committee 
through the Human Ethics Committee Administrator (ph +643 479 8256 or email 
gary.witte@otago.ac.nz). Any issues you raise will be treated in confidence and investigated 
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CONSENT  FORM  FOR  KEY INFORMANT INTERVIEW 
 
 
I have read the Information Sheet concerning this project and understand what it is about.  All 
my questions have been answered to my satisfaction.  I understand that I am free to request 
further information at any stage. 
I know that:- 
1. My participation in the project is entirely voluntary; 
 
2. I am free to withdraw from the project at any time without any disadvantage; 
 
3. Personal identifying information [specify e.g. audio or video recordings etc] may be 
destroyed at the conclusion of the project, but any raw data on which the results of the 
project depend will be retained in secure storage for at least five years; 
 
4.  This project involves an open-questioning technique. The general line of questioning 
includes water sources, water quality and agricultural practices.  The precise nature of the 
questions which will be asked have not been determined in advance, but will depend on 
the way in which the interview develops, and in the event that the line of questioning 
develops in such a way that I feel hesitant or uncomfortable I may decline to answer any 
particular question(s), and/or may withdraw from the project without any disadvantage of 
any kind. 
 
5. If I feel uncomfortable at any time I may decline to answer any particular question(s) 




7. The results of the project may be published and will be available in the University of Otago 









8. I, as the participant: agree to take part in this project. 
 
 
.............................................................................   ............................... 








Name of person taking consent 
 
 
This study has been approved by the University of Otago Human Ethics Committee. If you 
have any concerns about the ethical conduct of the research you may contact the Committee 
through the Human Ethics Committee Administrator (ph +643 479 8256 or email 
gary.witte@otago.ac.nz). Any issues you raise will be treated in confidence and investigated 

















Appendix I: Key Informant Interview questions 
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KEY INFORMANT INTERVIEW 
 
Date: 
Name of Department/Organisation: 
1. What are the main water sources in Nepal/ Kathmandu Basin area? 
2. Have these changed over the last ten years? 
3. What regulations/policies are in place for maintain and controlling water quality? 
Surface water and ground water? How do these protect water quality? 
4. Do you measure water quality? How? 
5. Is there any time during the year that you have issues supplying water, or with water 
quality? 
6. What problems with water quality have occurred in the past, and what might occur in 
the future? 
7. Are these problems being addressed? How do you think these problems should be 
addressed? 
8. Do you see a need to improve water quality in Nepal? 
9. NGOs – Do you know of any NGOs that are involved with helping improve water 
quality? What are they doing? How important are these groups? What would you like 
to see them do more of/less of? 
10. Agricultural practices and their influence on water quality – what are some issues that 
you are aware of? What sort of impact has the shift to cash crops had on water quality? 











Appendix J: WHO water quality guidelines 
 
WHO guidelines 
Table J.1: The maximum values of chemicals that were measured in the Jhikhu Khola for drinking 















Total coliforms 0 
Escherichia coli  0 
* Indicates that the WHO guideline value is  provisional because of uncertainties in quantification levels and effect
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Appendix K: Additional data on water quality changes above and below dams in the Jhikhu Khola 
Environmental and human health variables 
Table K.1: Dam 2 upper and lower measurements 


















Upper 22.7 178.4 170.6 7.73 6.15
4 
BDL 0.16 0.11 704 66 
Lower 24.2 244.7 241 7.78 1.20
6 
BDL 0.2 0.3 544 204 
Differen
ce 




BDL -0.04 -0.19 160 -138 
 
Table K.2: Dam 3 upper and lower measurements 






















0.08 0.24 0.31 1500 480 




BDL 0.35 0.29 624 1000 
Differen
ce 
2.2 87 65.4 0 0.25
7 









Dissolved and Total Recoverable Heavy Metals 









Upper 17.2 279.9 237.8 7.51 3.024 
Lower 17.6 279.6 240.9 7.67 2.868 
Difference -0.4 0.3 -3.1 -0.16 0.156 
 
Table K.4: Dam 4 upper and lower dissolved and total recoverable heavy metals 
 Al B Ba Fe Li Mn Ni S Se Sr Zn 
Dissolved Heavy Metals 
Upper (mg/L) BDL BDL 0.019 BDL BDL BDL BDL 1.022 0.005 0.005 0.108 
Lower (mg/L) 0.026 BDL 0.021 BDL BDL BDL BDL 1.849 0.005 0.005 0.11 
Difference (mg/L) -0.026 - -0.002 - - - - -0.827 0 0 -0.002 
Total Recoverable Heavy Metals 
Upper (mg/L) 0.081 0.004 0.018 0.222 0.002 0.132 0.001 1.088 BDL 0.103 0.004 
Lower (mg/L) 0.102 0.004 0.018 0.318 0.002 0.129 0.001 1.094 BDL 0.103 0.003 



















Upper 20.3 206.7 187.8 7.75 6.472 
Lower 20.2 206 187.3 7.78 8.3 
Difference 0.1 0.7 0.5 -0.03 -1.828 
 
Table K.6: Dam 5 upper and lower dissolved and total recoverable heavy metals 
 Al As B Ba Cr Fe Li Mn Ni S Se Sr V Zn 
Dissolved Heavy Metals 
Upper (mg/L) 0.067 0.002 BDL 0.017 BDL 0.002 BDL 0.002 BDL 2.52 0.005 0.095 0.002 BDL 
Lower (mg/L) 0.044 0.001 BDL 0.017 BDL 0 BDL 0.001 BDL 2.003 0.004 0.092 0.002 BDL 
Difference (mg/L) 0.023 0.001 - 0 - 0.002 - 0.001 - 0.517 0.001 0.003 0 - 
Total Recoverable Heavy Metals 
Upper (mg/L) 0.2 BDL 0.003 0.017 BDL 0.287 0.002 0.094 0.001 0.739 BDL 0.09 0.002 0 
Lower (mg/L) 0.726 BDL 0.004 0.019 0.002 0.826 0.002 0.113 0.002 0.749 BDL 0.084 0.003 0.004 





















Upper 20.6 207.4 190.1 7.71 6.992 
Lower 19.8 207.1 190.3 7.69 6.434 
Difference 0.8 0.3 -0.2 0.02 0.558 
 
Table K.8: Dam 6 upper and lower dissolved and total recoverable heavy metals 
 Al B Ba Fe Li Mn S Se Sr V Zn 
Dissolved Heavy Metals 
Upper (mg/L) BDL 0.002 0.017 BDL 0.004 BDL 1.28 0.004 0.089 BDL BDL 
Lower (mg/L) 0.002 0.002 0.019 0.003 0.005 0.002 1.247 0.006 0.093 BDL BDL 
Difference (mg/L) -0.002 0 -0.002 -0.003 -0.001 -0.002 0.033 -0.002 -0.004 - - 
Total Recoverable Heavy Metals 
Upper (mg/L) 0.476 BDL 0.019 0.59 0.005 0.105 1.176 BDL 0.083 0.002 0.003 
Lower (mg/L) 0.411 BDL 0.02 0.507 0.006 0.111 1.233 BDL 0.087 0.002 0.001 
Difference (mg/L) 
  











Table K.9: Dam 7 upper and lower in-situ measurements 
 





Upper 21.6 207.6 194.3 7.71 7.986 
Lower 21.7 207.8 194.8 7.74 9.358 
Difference -0.1 -0.2 -0.5 -0.03 -1.372 
 
Table K.10: Dam 7 upper and lower dissolved and total recoverable heavy metals 
 Al As B Ba Cr Fe Li Mn Ni S Se Sr V Zn 
Dissolved Heavy Metals 
Upper (mg/L) BDL 0.002 0.002 0.019 BDL BDL 0.004 BDL BDL 1.273 0.004 0.091 0.002 BDL 
Lower (mg/L) BDL 0.001 0.001 0.018 BDL BDL 0.003 BDL BDL 1.222 0.004 0.092 0.001 BDL 
Difference (mg/L) - 0.001 0.001 0.001 - - 0.001 - - 0.051 0 -0.001 0.001 - 
Total Recoverable Heavy Metals 
Upper (mg/L) 0.454 BDL 0.011 0.02 0.001 0.559 0.005 0.12 0.001 1.307 BDL 0.086 0.003 0.003 
Lower (mg/L) 1.139 0.003 0.01 0.025 0.003 1.393 0.006 0.14 0.002 1.306 BDL 0.088 0.003 0.006 
















Upper 23 250.2 207.3 7.58 7.018 
Lower 22.6 222.1 212.1 7.74 6.99 




Table K.12: Dam 9 upper and lower dissolved and total recoverable heavy metals 
 Al As B Ba Cr Cu Fe Li Mn Ni Pb S Se Sr V Zn 
Dissolved Heavy Metals 
Upper (mg/L) BDL 0.002 0.007 0.018 BDL BDL BDL 0.003 BDL BDL BDL 1.843 0.003 0.09 BDL BDL 
Lower (mg/L) BDL 0 0.011 0.022 BDL BDL BDL 0.003 BDL BDL BDL 2.177 0.006 0.092 BDL BDL 
Difference (mg/L) - 0.002 -0.004 -0.004 - - - 0 - - - -0.334 -0.003 -0.002 - - 
Total Recoverable Heavy Metals 
Upper (mg/L) 0.463 BDL 0.016 0.021 0.001 0.001 0.709 0.004 0.156 0.001 0.001 2.021 0.003 0.088 0.002 0.005 
Lower (mg/L) 1.201 BDL 0.016 0.035 0.003 0.002 1.539 0.005 0.221 0.002 0.003 2.21 0.006 0.093 0.004 0.013 
Difference (mg/L) -0.738 - 0 -0.014 -0.002 -0.001 -0.83 -0.001 -0.065 -0.001 -0.002 -0.189 -0.003 -0.005 -0.002 -0.008 
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Appendix L: Climate and Water quality data sets 
 
 
Figure L.1: The total precipitation, average maximum temperature and average minimum 




Figure L.2: The total precipitation, average maximum temperature and average minimum 

























































































Figure L.3: The change in annual precipitation from 2006-2016 at Panchkhal (DHM, 2018). 
 
Figure L.4: The change in annual precipitation from 2006-2016 at Nagarkot (DHM, 2018). 
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Appendix M: Mean and Median Dissolved and Total Recoverable Metals 
 
Table M.1: The mean and median in-situ and heavy metal measurements for surface waters over muscovite schist bedrock 
 T (°C) SPC (µS/cm) EC (µS/cm) pH FNU  Al As B Ba Fe Li Mn S Se Sr V Zn 
 









BDL 0.002 BDL 0.017 BDL 0.001 BDL 1.327 0.004 0.095 0.001 BDL 
 
18.8 217.1 181.0 7.7 6.3 




















Table M.2: The mean and median in-situ and heavy metal measurements for surface water in areas of alluvium deposits 
 T (°C) SPC (µS/cm) EC (µS/cm) pH FNU  Al As B Ba Fe Li Mn S Se Sr V Zn 
 









BDL 0.001 0.003 0.018 BDL 0.003 BDL 1.694 0.005 0.091 0.002 BDL 
 
21.6 213.2 197.2 7.7 7.5 








0.626 0.001 0.011 0.022 0.802 0.005 0.130 1.410 BDL 0.088 0.003 0.004 
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Table M.3: Surface water environmental measurements within the Jhikhu Khola catchment 


















1 19.2 128.1 113.9 6.9 3.5      
2 19.6 176.7 158.9 7.5 4.1      
3 19.9 170.5 153.9 7.8 3.1      
4 20.4 124.7 112.2 7.8 3.4      
5 20.2 170.8 155.1 7.8 3.4      
6 23.3 153.2 148.9 7.5 0.6      
7 21.9 187.7 176.7 7.5 1.2      
8 21.3 181.4 168.7 7.7 1.3      
9 21 160 148.9 7.8 4.8      
10 18.4 122 106.2 7.8 1.7      
11 18.9 47.1 41.7 7.1 87.4      
12 18.8 121.2 108.9 7.7 45.6      
13 18.4 152.8 123.4 7.8 55.8      
14 17.3 149.6 127.5 7.8 1.5      
15 17.8 112 101.2 7.8 1.0      
16 16.9 150.3 133.1 7.8 1.1      
17 17.5 142.2 120.5 7.8 1.2      
18 17.2 133.6 116.2 7.7 1.2      
19 17.9 144.3 123.9 7.6 0.4      
20 18.1 134.8 123.9 7.8 0.6      
21 18.8 86.9 76.3 6.1 0.6      
22 18.9 198.3 175 7.4 0.6      
23 20.2 189.2 172.2 7.6 0.9      
24 19.3 198.7 176.9 7.5 0.6      
25 22.2 191.5 181.3 7.6 0.7      
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26 23.1 167.5 161.6 7.7 0.5      
27 20.4 153.7 139.9 6.7 1.7 0.39 0.19 0.14 1600 164 
28 20 146.2 132.2 6.8 2.0 1.94 0.15 0.11 960 120 
29 23.1 150.1 144.6 7.6 1.5 0 0.17 0.39 432 144 
30 22.2 70.8 66.9 7.6 2.0 0.82 0.18 0.38 544 112 
31 22.5 149.9 142.8 7.6 0.9 0.78 0.14 0.28 2000 224 
32 18.1 182.1 158.7 7.5 2.1 0.2 0.12 0.18 2000 384 
33 16.3 252.7 222.9 7.8 4.5 0.13 0.11 0.16 512 133 
34 22.5 243.2 231.3 7.4 442.4 0 0.4 0.43 689 72 
35 22.9 242.3 232.6 7.7 16.0 0 0.32 0.34 960 54 
36 22.7 178.4 170.6 7.7 6.2 0 0.16 0.11 704 66 
37 24.2 244.7 241 7.8 1.2 0 0.2 0.3 544 204 
38 23.1 173.7 166.8 7.8 1.2 0 0.16 0.28 106 46 
39 18.7 180.3 167.9 7.7 2.6 0 0.15 0.31 440 176 
40 19.2 234.8 212.4 7.6 3.3 0 0.13 0.21 1200 248 
41 19.3 142.3 111.6 7.4 0.8 0 0.16 0.41 784 136 
42 19.2 212.4 187.3 7.5 1.4 0.12 0.21 0.19 418 96 
43 19.5 197.6 176 7.7 1.3 1.17 0.2 0.3 1200 408 
44 19.5 200.9 179.8 7.7 1.0 0.16 0.18 0.08 2000 364 
45 17.6 205.3 170.6 7.7 1.0 0 0.15 0.3 2000 128 
46 16.7 3.7 2.8 7.5 0.8 2.48 0.07 0.37 280 128 
47 21.6 265.1 224.7 7.5 1.1 0.08 0.24 0.31 1500 480 
48 19.4 178.1 159.3 7.5 0.9 0 0.35 0.29 1000 624 
49 25.3 194.2 188.5 7.7 0.8 0 0.35 0.21 1500 248 
50 26.3 219 224.2 7.7 0.9 0 0.41 0.27 1088 664 
51 23 242.4 233.1 7.7 0.9 0 0.38 0.12 1500 608 




Table M.4: Groundwater environmental measurements within the Jhikhu Khola catchment 
Site 

















53 20.1 186.4 168.3 7.5 0.7 0 0.12 0.12 224 76 
54 19.2 166.9 148.1 7.4 2.3 0 0.21 0.04 656 464 
55 19.5 283.1 253 7.4 0.8 0.12 0.2 0.09 1500 1000 
56 19.2 123.7 109.6 7.5 1.4 0 0.41 0.66 1500 376 
57 18.9 144.3 126.7 7.4 14.1 1.41 0.42 0.21 224 64 
58 13.7 433.4 379.2 7.6 1.3 0.59 0.11 0.31 960 138 
59 19.6 285.3 256.2 7.6 0.5 0 0.26 0.04 136 58 
60 21.7 343.7 321.4 7.5 1.9 0.04 0.98 0.48 1536 312 
61 19.2 1045 928 7.7 1.0 0 0.29 0.17 1500 108 
62 21.6 709 663 7.6 0.7 0 0.26 1.9 296 108 
63 21.1 550 536 7.5 0.8 0 0.47 0.48 370 178 
64 20.4 353.2 326.5 7.5 5.0 0.53 0.61 0.09 1500 312 
65 20.4 4.3 3.7 7.8 8.0 0 0.89 0.34 1048 232 
66 20.3 132.5 120.6 7.7 1.1 0 0.17 0.43 20 8 
67 18.2 428.5 373.1 7.6 3.0 0 0.23 0.24 340 136 
68 18.4 398.7 352.3 7.6 3.0 0.08 0.21 0.18 304 116 










Table M.5: Surface water dissolved heavy metal concentrations 
(Metal concentrations in mg/L) 
Site number T (°C) SPC (µS/cm) EC  (µS/cm) pH Turbidity (FNU) Ag Al As B Ba Be Cd 
70 17.2 279.9 237.8 7.5 3.0 0 0 0.001 0 0.019 0 0 
71 17.6 279.6 240.9 7.7 2.9 0 0.026 0.001 0 0.021 0 0 
72 17.9 278 240 7.7 2.7 0 0 0.003 0 0.019 0 0 
73 18 155.3 134.5 7.7 8.4 0 0 0.002 0 0.015 0 0 
74 18.3 155.2 135.6 7.7 8.9 0 0 0.002 0 0.015 0 0 
75 19.3 155 139.1 7.7 10.0 0 0 0 0 0.014 0 0 
76 19.5 222.6 199.4 7.7 5.4 0 0.108 0.002 0.002 0.018 0 0 
77 19.9 220.3 198.6 7.7 8.2 0 0 0.002 0 0.016 0 0 
78 20 202.1 182.6 7.7 6.8 0 0.019 0.001 0 0.016 0 0 
79 20.3 206.7 187.8 7.8 6.5 0 0.067 0.002 0 0.017 0 0 
80 20.2 206 187.3 7.8 8.3 0 0.044 0.001 0 0.017 0 0 
81 20.6 207.4 190.1 7.7 7.0 0 0 0.001 0.002 0.017 0 0 
82 19.8 207.1 190.3 7.7 6.4 0 0.002 0.001 0.002 0.019 0 0 
83 21 207.7 192 7.7 7.1 0 0 0.002 0.002 0.017 0 0 
84 21.3 208.1 103.5 7.7 6.9 0 0 0.001 0.003 0.016 0 0 
85 18.1 222.6 180.4 7.6 0.4 0 0 0.002 0 0.039 0 0 
86 21.6 207.6 194.3 7.7 8.0 0 0 0.002 0.002 0.019 0 0 
87 21.7 207.8 194.8 7.7 9.4 0 0 0.001 0.001 0.018 0 0 
88 22.4 208.5 198.3 7.8 8.0 0 0 0.002 0.001 0.018 0 0 
89 22.6 209.9 199.5 7.8 9.2 0 0.002 0.001 0.002 0.018 0 0 
90 23 211.6 203.4 7.8 7.2 0 0 0.002 0.005 0.018 0 0 
91 23 250.2 207.3 7.6 7.0 0 0 0.002 0.007 0.018 0 0 
92 22.6 222.1 212.1 7.7 7.0 0 0 0 0.011 0.022 0 0 
93 23 230.4 221.4 7.8 7.4 0 0 0.002 0.013 0.019 0 0 





number Co Cr Cu Fe Ga Li Mn Ni Pb S Se Sr V Zn 
70 0 0 0 0 0 0.001 0 0 0 1.022 0.005 0.108 0.001 0 
71 0 0 0 0 0 0.001 0.001 0.001 0 1.849 0.005 0.11 0.001 0 
72 0 0 0 0 0 0.001 0 0 0 1.391 0.007 0.111 0.002 0 
73 0 0 0 0 0 0 0 0 0 0.564 0.003 0.082 0.002 0 
74 0 0 0 0.001 0 0.001 0 0 0 0.503 0.003 0.08 0.002 0 
75 0 0 0 0 0 0.002 0 0 0 0.565 0.006 0.078 0.001 0 
76 0 0.001 0 0.007 0 0.001 0.004 0.001 0 3.726 0.003 0.103 0.002 0 
77 0 0 0 0 0 0.001 0 0 0 0.863 0.003 0.091 0.001 0 
78 0 0 0 0 0 0.001 0.001 0 0 1.427 0.004 0.091 0.002 0 
79 0 0 0 0.002 0 0.001 0.002 0 0 2.52 0.005 0.095 0.002 0 
80 0 0 0 0 0 0.001 0.001 0 0 2.003 0.004 0.092 0.002 0 
81 0 0 0 0 0 0.004 0 0 0 1.28 0.004 0.089 0.001 0 
82 0 0 0.001 0.003 0 0.005 0.002 0 0.001 1.247 0.006 0.093 0.001 0 
83 0 0 0 0 0 0.003 0 0 0 1.271 0.004 0.086 0.002 0 
84 0 0 0 0 0 0.003 0 0 0 1.247 0.004 0.089 0.001 0 
85 0 0 0 0 0 0.003 0 0 0 1.358 0.002 0.076 0.002 0 
86 0 0 0 0 0 0.004 0 0 0 1.273 0.004 0.091 0.002 0 
87 0 0 0 0 0 0.003 0 0 0 1.222 0.004 0.092 0.001 0 
88 0 0 0 0 0 0.003 0 0 0 1.275 0.005 0.09 0.002 0 
89 0 0 0 0 0 0.003 0 0 0 1.417 0.005 0.093 0.002 0 
90 0 0 0 0 0 0.004 0 0 0 2.185 0.006 0.093 0.002 0 
91 0 0 0 0 0 0.003 0 0 0.001 1.843 0.003 0.09 0.001 0 
92 0 0.001 0.001 0 0 0.003 0 0 0 2.177 0.006 0.092 0.001 0 
93 0 0 0 0 0 0.003 0 0 0 2.515 0.004 0.088 0.001 0 






Table M.6: Groundwater dissolved heavy metal concentrations 
(Metal concentration in mg/L) 
Site number T (°C) SPC (µS/cm) EC  (µS/cm) pH Turbidity (FNU) Ag Al As B Ba Be Cd 
95 20.1 245.4 213.3 7.5 10.3 0 0.126 0.002 0 0.03 0 0 
96 19.2 278.9 248.6 7.4 9.81 0 0.23 0 0 0.053 0 0 
97 19.1 268.4 232.9 7.4 9.93 0 0.238 0 0 0.2 0 0 
98 19.5 333.9 301 7.4 9.9 0 0.059 0.001 0 0.066 0 0 
99 19.2 227.8 203.6 7.5 13.4 0 0.046 0.001 0 0.068 0 0 
100 18.7 433.4 379.2 7.6 8.4 0 0.044 0.001 0 0.089 0 0 
101 18.9 287.3 256.9 7.4 10.8 0 0.451 0 0 0.055 0 0 
102 18.2 267.5 232.8 7.5 9.5 0 0.078 0.001 0 0.115 0 0 
103 16.7 544.4 479.2 7.6 15.7 0 0.109 0.003 0 0.134 0 0 
104 18.3 409.4 382.7 7.6 12.4 0 0.08 0.003 0 0.073 0 0 
105 19.6 285.3 256.2 7.6 10.3 0 0.094 0.002 0 0.345 0 0 
106 19.5 500.4 468.3 7.6 20.3 0 0.089 0.002 0 0.115 0 0 
107 21.3 421.2 391.2 7.3 4.51 0 0.713 0.008 0 0.121 0 0 
108 18.4 274.2 240.7 7.4 3.2 0 0.097 0.006 0 0.076 0 0 
109 21.2 1089 1019 7.4 24.4 0 0.137 0.001 0.001 0.227 0 0 
110 20.8 1072 1005 7.4 23.5 0 0.138 0.001 0.021 0.092 0.001 0.001 
111 21.8 555 521 7.5 12.3 0 0.453 0.004 0.006 0.116 0 0 
112 21.9 1196 1127 7.5 30.2 0 0.093 0.002 0.012 0.268 0 0 
113 19.4 403 378.5 7.5 13.4 0 0.031 0 0 0.14 0 0 
114 19.1 358.8 317.8 7.3 10.3 0 0.126 0.002 0 0.03 0 0 
115 18.3 438.7 383.3 7.4 11.7 0 0.027 0 0 0.062 0 0 
116 17.9 394.4 378.5 7.4 12.8 0 0.053 0.001 0.002 0.057 0 0 
117 20.4 4.3 3.7 7.8 0.78 0 0.014 0.002 0 0.039 0 0 
118 20.3 132.5 120.6 7.7 14.18 0 0 0.001 0 0.058 0 0 






number Co Cr Cu Fe Ga Li Mn Ni Pb S Se Sr V Zn 
95 0 0.001 0.004 0.145 0 0.001 0.009 0.002 0 0.541 0.001 0.04 0.002 0 
96 0 0.001 0.003 0.267 0 0 0.011 0.008 0 3.961 0.001 0.088 0.001 0 
97 0 0.001 0.005 0.049 0 0.002 0.006 0.002 0 0.337 0 0.038 0 0 
98 0 0 0.103 0.068 0 0.015 0.012 0.001 0 1.118 0 0.203 0.002 0.013 
99 0 0 0.008 0.573 0.001 0.009 0.056 0.001 0 1.655 0.001 0.083 0 0 
100 0 0 0.005 0.069 0 0 0.067 0.001 0 1.805 0 0.123 0.001 0 
101 0 0.001 0.005 0.613 0 0.001 0.026 0.002 0 1.124 0 0.083 0.001 0.005 
102 0 0 0.007 0.13 0 0 0.04 0.001 0 2.647 0 0.127 0 0 
103 0 0 0.006 1.104 0 0.002 0.148 0.002 0 4.811 0 0.22 0 0.006 
104 0 0.001 0.001 0.115 0 0.005 0.084 0.001 0 0.707 0.003 0.156 0.003 0 
105 0 0.001 0.002 0.169 0 0.001 0.038 0.001 0 4.722 0 0.36 0.001 0 
106 0 0 0.005 0.15 0 0 0.04 0.001 0 2.806 0 0.124 0.001 0 
107 0.001 0.001 0.006 3.857 0.001 0.004 0.703 0.002 0 8.268 0.002 0.201 0.001 0 
108 0 0 0.014 2.053 0 0.003 0.391 0.002 0 2.32 0 0.156 0 0.018 
109 0.001 0 0.004 1.777 0 0.006 0.413 0.002 0 12.707 0.001 0.482 0.001 0 
110 0.001 0.001 0.01 0.102 0.003 0.001 0.08 0.003 0 2.377 0.002 0.131 0 0 
111 0.001 0.001 0.006 1.49 0 0.007 0.471 0.002 0 7.036 0.001 0.245 0.003 0 
112 0 0 0.006 0.113 0.001 0.007 0.027 0.002 0 14.77 0 0.597 0.001 0 
113 0 0.001 0.017 0.108 0 0.001 0.019 0.001 0 6.666 0 0.138 0.001 0.258 
114 0 0.001 0.004 0.145 0 0.001 0.009 0.002 0 0.541 0.001 0.04 0.002 0 
115 0 0.001 0.262 0.034 0 0.002 0.032 0.002 0 2.452 0 0.077 0.001 0 
116 0 0.001 0.007 0.24 0 0.002 0.157 0.001 0 2.207 0.001 0.066 0.001 0 
117 0 0.001 0 0 0 0.001 0.001 0 0 1.424 0.006 0.094 0.001 0 
118 0 0 0 0 0 0.006 0 0 0 0.766 0.004 0.144 0 0.001 






Table M.7: Surface water total recoverable heavy metal concentrations 
(Metal concentration in mg/L) 
Site number T (°C) SPC (µS/cm) EC  (µS/cm) pH Turbidity (FNU) Ag Al As B Ba Be Cd 
120 17.2 279.9 237.8 7.5 3.0 0 0.081 0.001 0.004 0.018 0 0 
121 17.6 279.6 240.9 7.7 2.9 0 0.102 0 0.004 0.018 0 0 
122 17.9 278 240 7.7 2.7 0 0.216 0.002 0.005 0.022 0 0 
123 18 155.3 134.5 7.7 8.4 0 0.563 0.001 0.002 0.017 0 0 
124 18.3 155.2 135.6 7.7 8.9 0 0.959 0.003 0.002 0.019 0 0 
125 19.3 155 139.1 7.7 10.0 0 0.89 0 0.002 0.018 0 0 
126 19.5 222.6 199.4 7.7 5.4 0 0.352 0 0.003 0.017 0 0 
127 19.9 220.3 198.6 7.7 8.2 0 0.374 0.002 0.004 0.018 0 0 
128 20 202.1 182.6 7.7 6.8 0 0.702 0.002 0.003 0.02 0 0 
129 20.3 206.7 187.8 7.8 6.5 0 0.2 0 0.003 0.017 0 0 
130 20.2 206 187.3 7.8 8.3 0 0.726 0.001 0.004 0.019 0 0 
131 20.6 207.4 190.1 7.7 7.0 0 0.476 0 0.01 0.019 0 0 
132 19.8 207.1 190.3 7.7 6.4 0 0.411 0 0.01 0.02 0 0 
133 21 207.7 192 7.7 7.1 0 0.689 0.001 0.009 0.02 0 0 
134 21.3 208.1 103.5 7.7 6.9 0 0.411 0.001 0.01 0.019 0 0 
135 18.1 222.6 180.4 7.6 0.4 0 0 0.001 0.002 0.04 0 0 
136 21.6 207.6 194.3 7.7 8.0 0 0.454 0 0.011 0.02 0 0 
137 21.7 207.8 194.8 7.7 9.4 0 1.139 0.003 0.01 0.025 0 0 
138 22.4 208.5 198.3 7.8 8.0 0 0.837 0.003 0.01 0.022 0 0 
139 22.6 209.9 199.5 7.8 9.2 0 0.429 0.001 0.01 0.02 0 0 
140 23 211.6 203.4 7.8 7.2 0 0.307 0.002 0.014 0.02 0 0 
141 23 250.2 207.3 7.6 7.0 0 0.463 0 0.016 0.021 0 0 
142 22.6 222.1 212.1 7.7 7.0 0 1.201 0.001 0.016 0.035 0 0 






number Co Cr Cu Fe Ga Li Mn Ni Pb S Se Sr V Zn 
120 0 0.001 0 0.222 0 0.002 0.132 0.001 0 1.088 0 0.103 0.001 0.004 
121 0 0.001 0.001 0.318 0 0.002 0.129 0.001 0.001 1.094 0 0.103 0.001 0.003 
122 0 0.001 0 0.386 0 0.002 0.156 0.001 0.001 1.183 0 0.102 0.001 0.003 
123 0 0.001 0.001 0.605 0 0.002 0.058 0.001 0.002 0.474 0 0.078 0.003 0.004 
124 0 0.002 0 1.134 0.001 0.002 0.074 0.002 0.001 0.46 0.001 0.075 0.004 0.004 
125 0 0.003 0.003 0.969 0 0.002 0.057 0.002 0.002 0.473 0 0.074 0.003 0.005 
126 0 0.001 0 0.474 0 0.002 0.103 0.001 0.001 0.843 0.001 0.088 0.002 0.002 
127 0 0.002 0.001 0.494 0 0.002 0.118 0.001 0 0.852 0.002 0.09 0.002 0.002 
128 0 0.002 0.001 0.874 0 0.002 0.105 0.003 0.002 0.769 0.001 0.088 0.003 0.004 
129 0 0 0 0.287 0 0.002 0.094 0.001 0 0.739 0 0.09 0.002 0 
130 0 0.002 0.001 0.826 0 0.002 0.113 0.002 0.001 0.749 0 0.084 0.003 0.004 
131 0 0.001 0 0.59 0.001 0.005 0.105 0.001 0.002 1.176 0 0.083 0.002 0.003 
132 0 0.001 0.001 0.507 0 0.006 0.111 0.001 0 1.233 0 0.087 0.002 0.001 
133 0 0.001 0 0.793 0.001 0.006 0.111 0.002 0.002 1.236 0.001 0.085 0.003 0.003 
134 0 0.001 0.001 0.511 0 0.005 0.115 0.001 0.002 1.253 0 0.085 0.002 0.005 
135 0 0.001 0.002 0.081 0 0.004 0.014 0.001 0 1.427 0 0.072 0.002 0.002 
136 0 0.001 0.001 0.559 0 0.005 0.12 0.001 0.002 1.307 0 0.086 0.003 0.003 
137 0 0.003 0.001 1.393 0.001 0.006 0.14 0.002 0.002 1.306 0 0.088 0.003 0.006 
138 0 0.002 0 1.091 0 0.006 0.124 0.001 0.002 1.365 0 0.091 0.003 0.005 
139 0 0.001 0 0.564 0 0.005 0.116 0.001 0.001 1.333 0 0.088 0.002 0.005 
140 0 0.011 0.001 0.566 0 0.004 0.121 0.001 0.001 1.836 0.001 0.083 0.002 0.003 
141 0 0.001 0.001 0.709 0 0.004 0.156 0.001 0.001 2.021 0 0.088 0.002 0.005 
142 0.001 0.003 0.002 1.539 0.001 0.005 0.221 0.002 0.003 2.21 0 0.093 0.004 0.013 







Table M.8: Groundwater total recoverable heavy metal concentrations 
(Metal concentration in mg/L) 
Site number T (°C) SPC (µS/cm) EC  (µS/cm) pH Turbidity (FNU) Ag Al As B Ba Be Cd 
144 20.1 245.4 213.3 7.5 10.3 0 1.788 0.002 0.003 0.053 0 0 
145 19.2 278.9 248.6 7.4 9.8 0 0.297 0 0.005 0.047 0 0 
146 19.1 268.4 232.9 7.4 9.9 0 0.224 0 0.004 0.216 0 0 
147 19.5 333.9 301 7.4 9.9 0 0 0 0.005 0.067 0 0 
148 19.2 227.8 203.6 7.5 13.4 0 0 0 0.004 0.059 0 0 
149 18.7 433.4 379.2 7.6 8.4 0 0.034 0 0.004 0.082 0 0 
150 18.9 287.3 256.9 7.4 10.8 0 0 0 0.001 0.026 0 0 
151 18.2 267.5 232.8 7.5 9.5 0 0.076 0 0.005 0.107 0 0 
152 16.7 544.4 479.2 7.6 15.7 0 0.2 0.005 0.008 0.129 0 0 
153 18.3 409.4 382.7 7.6 12.4 0 0 0.001 0.009 0.326 0 0 
154 19.6 285.3 256.2 7.6 10.3 0 0.071 0.001 0.007 0.068 0 0 
155 19.5 500.4 468.3 7.6 20.3 0 0.064 0 0.004 0.107 0 0 
156 21.3 421.2 391.2 7.3 4.5 0 1.628 0.011 0.006 0.115 0 0.001 
157 18.4 274.2 240.7 7.4 3.2 0 0 0.005 0.005 0.071 0 0 
158 21.2 1089 1019 7.4 24.4 0 0.426 0 0.007 0.215 0 0 
159 20.8 1072 1005 7.4 23.5 0 0.177 0 0.004 0.081 0 0 
160 21.8 555 521 7.5 12.3 0 2.313 0.008 0.013 0.121 0 0.001 
161 21.9 1196 1127 7.5 30.2 0 0 0 0.006 0.23 0 0 
162 19.4 403 378.5 7.5 13.4 0 0.01 0 0.005 0.129 0 0 
163 19.1 358.8 317.8 7.3 10.3 0 0 0 0.006 0.051 0 0 
164 18.3 438.7 383.3 7.4 11.7 0 0.362 0 0.012 0.052 0 0 
165 17.9 394.4 378.5 7.4 12.8 0 0 0 0.007 0.05 0 0 
166 20.4 4.3 3.7 7.8 0.8 0 0 0.001 0.001 0.038 0 0 
167 20.3 132.5 120.6 7.7 14.2 0 0 0.002 0.007 0.079 0 0 




Site number Co Cr Cu Fe Ga Li Mn Ni Pb S Se Sr V Zn 
144 0.001 0.003 0.002 1.938 0.001 0.003 0.031 0.003 0.002 1.223 0.002 0.083 0.004 0.019 
145 0 0.001 0.001 0.365 0 0.001 0.005 0.008 0.001 4.123 0 0.084 0.001 0.003 
146 0 0.002 0.003 0.078 0 0.003 0.004 0.001 0.001 0.256 0 0.035 0 0.003 
147 0 0.001 0.077 0.051 0 0.018 0.013 0.001 0 1.245 0.001 0.205 0.002 0.035 
148 0 0 0 0.84 0 0.009 0.06 0.001 0 1.669 0 0.074 0 0.002 
149 0 0 0.002 0.128 0 0.001 0.069 0.001 0.001 1.884 0.001 0.119 0 0.004 
150 0 0.001 0.001 0.105 0 0.002 0.002 0.001 0 0.509 0.001 0.038 0.003 0.003 
151 0 0.001 0.003 0.251 0 0.001 0.043 0.001 0.001 2.871 0 0.122 0.001 0.007 
152 0 0.003 0.003 1.895 0.001 0.004 0.157 0.002 0.001 5.128 0.001 0.217 0.001 0.027 
153 0 0 0.001 0.128 0 0.002 0.038 0.001 0 5.055 0 0.348 0.001 0.005 
154 0 0.001 0 0.137 0 0.007 0.088 0.001 0 0.635 0 0.156 0.003 0.008 
155 0 0 0.001 0.235 0 0.001 0.044 0.001 0 2.866 0 0.121 0.001 0.004 
156 0.002 0.003 0.004 5.798 0.002 0.006 0.708 0.002 0.002 8.464 0 0.195 0.002 0.009 
157 0 0 0.013 3.494 0.001 0.004 0.39 0.002 0.004 2.234 0.001 0.153 0 0.041 
158 0.001 0.001 0 2.734 0.001 0.007 0.398 0.002 0 12.571 0.001 0.465 0.002 0.004 
159 0 0.001 0.002 0.129 0 0.001 0.071 0.002 0.001 1.814 0.001 0.118 0 0.003 
160 0.002 0.005 0.005 4.57 0.002 0.011 0.523 0.004 0.004 7.709 0.001 0.252 0.007 0.016 
161 0 0.001 0 0.038 0 0.007 0.01 0.001 0 14.066 0.001 0.526 0 0.001 
162 0 0.001 0 0.145 0 0.002 0.017 0.001 0 6.547 0 0.132 0.001 0.003 
163 0 0.001 0.327 0.018 0 0.003 0.027 0.002 0 2.052 0.001 0.057 0 0 
164 0 0.001 0 1.182 0 0.001 0.905 0.001 0.001 27.27 0 0.339 0.001 0.029 
165 0.001 0.001 0.001 0.257 0 0.003 0.141 0.001 0 2.025 0 0.057 0 0.002 
166 0 0.002 0 0.069 0 0.002 0.002 0.001 0 0.934 0.001 0.09 0.001 0.038 
167 0 0 0.006 3.102 0.001 0.007 0.712 0.001 0.002 0.878 0 0.154 0 0.075 






Appendix N: Statistical analysis using Minitab Macros 
 
KMBoot  
KMBoot computes the median and confidence interval for the median of censored data by 
bootstrapping the nonparametric Kaplan-Meier method. 1000 estimates of the median are computed 
using Kaplan-Meier method. The mean of these 1000 estimates is the K-M bootstrap median. This 
estimator has no advantage over the K-M estimate of median for the original column of data. The 
2.5th and 97.5th percentiles of the estimates comprise the ends of a two-sided, nonparametric 95% 
confidence interval on the median. The upper 95% confidence bound (UCL95) and 99% confidence 
limits are also calculated. The command structure is:  
%KMBoot c1 c2  




BootKM computes the mean and confidence intervals for the mean of censored data by bootstrapping 
the nonparametric Kaplan-Meier method. 1000 estimates of the mean are computed using the Kaplan-
Meier method. The mean of these 1000 estimates is the K-M bootstrap mean. This is not of much use 
and has no advantage over the K-M mean of the original column of data. However, bootstrapping 
provides confidence intervals, without assuming a distributional shape, that are otherwise not 
available. The 2.5th and 97.5th percentiles of the 1000 estimates comprise the ends of a two-sided 
95% confidence interval on the mean. The upper 95% confidence bound (UCL95) and 99% 
confidence limits are also calculated. The command structure is: 
%BootKM c1 c2  
Where c1 is the column of data and c2 is the censoring indicator (the default is 0 for detects and 1 for 
non-detects). 
 
 
 
